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CHAPTER - I 
INTRODUCTION 
1.0 BRIEF SURVEY OF COSMIC RAYS 
The subject of cosmic rays has remained one of the 
prominent fields of investigation in Physics ever since the new 
radiation was discovered. In the early 1900's investigators discovered 
that earth is continousiy bombarded by the highly energetic very 
fast moving particles that are now known to have originated far 
beyond the atmosphere. 
Historically, the discovery of cosmic rays was in some way 
linked up with the important discoveries of X-rays and radioactivity 
made during the middle of the last decade of the past century. 
All these radiations render air electrically conductive. Early in the 
present century it was shown by C.T.R. Wilsen (1900) and by Eister 
and Geitel (1900) that ions were formed by the radioactive substances 
present in the walls of the electroscope and in the air itself. A 
small part of this ionization persisted even over the sea where the 
contents of radioactive substances were much less than over land. It 
was argued that the residual ionization could not be explained in 
terms of known amounts of radioactive substances in the soil, in 
water and in air and the answer was to be looked elsewhere. 
Experiments were carr ied out above the surface of e- j r th. 
V.F. Hess attacked the problem systematical ly and pointed out tha t an 
unknown source of radiat ion was causing the residual ion iza t ion . 
Towards the end of the nineteenth century, C.T.R. Wilson, Elster and 
Gei te l reported that , inspite of the best insulation that could be 
provided, the charge in Gold Leaf Electroscope gradually leaked away. 
Hess in his balloon experiments of 1912-13, showed that at 5,000 
meters the ionization was nearly sixteen t imes that at ground. 
From these experiments Hess concluded that there existed a very 
penetrat ing radiat ion, w i th an ext ra terrest ia l or ig in . Thus he proved 
beyond doubt, that some type of ionizing radiat ion is continously 
bombarding the earth's atmosphere f rom outer space. This ioniz ing 
radiat ion was, for the f i r s t t ime , termed as "Cosmic Rad ia t io r t - by 
Mi l l ikan (1926). 
During (1927-1929) 3. Clay made observations of cosmic ray 
intensit ies f rom Europe to Java by which he showed tha t there 
existed a lat i tude e f fec t . The existance of lat i tude e f fec t made i t 
clear that at least a part of cosmic rays consisted of e lec t r i ca l l y 
charged part icles, as they would be def lected by earth's magnetic 
f i e l d , and thus showing larger intensit ies at higher lat i tudes than 
lower ones. The low energy part ic les can not reach equator ia l zones 
Bothe and Kolhoster (1928) wi th arrangements of counters « in 
coincidence proved the presence of charged part ic les in cosmic rays. 
The large amount of intensity f rom west compared to east led Rossi 
(1930) and Johnson (1938) to predict the dominating presence of 
posit ively changed part ic les. The protonic nature of cosmic radiat ion 
was confirmed by Schein et al (19^*1). The systematic sea level 
measurements on la t i tude e f fec t were undertaken by Professor 
Compton in which the author took a prominent part and summed up 
the data for f i f teen tr ips f rom Vancouver^ Bri t ish Columbia 
(5'f° magnetic north) to Sydney, Austral ia {^2° magnetic south). 
He showed that the temperature co-e f f ic ien t for sea level temperature 
was a funct ion of la t i tude . This e f fec t was a funct ion of la t i tude . 
This e f fec t was explained on the basis of instabi l i ty of the newly 
discovered meson an elementry par t ic le which was created by Pr imary 
Cosmic rays at upper layers of atmosphere. 
During th i r t ies very advances were made in cosmic ray 
Physics. By Cloud Chamber method the existance of two e lementry 
part icles was revealed. In 1932, Anderson discovered the posi tron 
and a few years later Anderson and Neddermeyer at Ca l i fo rn ia 
Inst i tute of Technology and Street and Stevesen at Harvard 
Universi ty, proved the existance of an intermediate elementary par t i c le 
now known as meson. Meson was ident i f ied as the same par t i c le 
which was predicted by Yukawa in 1935. 
The existance of nuclei heavier than proton was invest igated 
by Freier et al (19'f8) through the measurements in nuclear 
emulsions exposed at high al t i tudes in balloons. The use of nuclear 
emulsions of various sensit iv i t ies has shown the existance of nuclei 
w i th charge ranging f r om two to twenty seven. The use of ingenious 
combination of cerenkov and scint i l la tor detector and spark 
chambers led the discovery of electron and positron in cosmic rays. 
The recent use of nuclear photographic emulsion of large dimensions 
has dramatical ly produced the visual evidence that cosmic rays 
contain various nuclei up to uranium and even transuranic elements 
(Fowler et al 1967). The use of special plastics together w i th 
nuclear emulsions exposed at great heights revealed the detai led 
charge composition in high charge region. During 1930's scientists 
developed their understanding of compl icated phenomena tha t 
occur in earth's atmosphere under cosmic ray bombardment. 
Cosmic radiat ion at very high energies (10 ev) have been 
studied by the so cal led 'extensive air showers' (large number of 
secondary part icles tha t are produced by a high energy pr imary cosmic 
ray part ic le, contain several mi l l ion part ic les and extend over 
several square ki lometers). A f te r 1950's unmanned spacecrafts 
have made possible the invest igat ion of pr imary cosmic radiat ion f ree 
of terrest ia l influences. In the same decade cosmic ray research 
rapidly evolved into a branch of Astrophysics, joining w i th other 
branches of Astronomy in probing galact ic phenomena. 
A t present continous measurement of various components are 
being carried out on world wide scale by means of a number of 
space craf ts , and ground based detectors. The observations of 
part ic les and fields in interplanetary space are mainly l im i ted to low 
energies (< 100 Mev) and are also confined to near earth region. 
Therefore, the ground based detectors are essential to provide a 
continous index of cosmic radiat ion for invest igat ing the var ia t ion of 
high energy galactic cosmic ray part ic les (> 1 Gev). Such a study 
provides the in format ion on the long te rm basis of the 
electromagnetic conditions of interplanetary space and also 
'inaccessible' regions at large distances away f rom the orb i t of the 
ear th . Thus the study of the t ime var iat ion of cosmic rays is 
essentially, a complementary study to the ' in -s i tu ' measurements fo r 
providing a complete understanding of the interplanetary processes. 
The various aspects of cosmic ray t ime var iat ion have been recent ly 
reviewed in a very comprehensive manner by (Rao, 1972; Fisi<, 1976, 
1979, 1980, 1985; Quenby 198^^). 
Thus cosmic ray researches have served as a unique too l for 
invest igat ing a large var iety of problems in High Energy Physics, 
Elementary Particle Physics, Astronomy, Astrophyscs, Cosmology, 
Geophysics and Heliophysics. 
Over recent years there has been a marked growth in the 
interest , in the study and techniques of cosmic ray Physics by 
astrophysicists and par t ic le physicists. Cosmic radiat ion is an 
important tool for the Astrophysicist because of the in fo rmat ion i t 
can yield about energetic astrophysical processes in the farther 
reaches of the galaxy and beyond. For particle physicist, it provides 
the opportunity to study neutrinos and very high energy part icles of 
cosmic origin. In addition, cosmic rays consti tute the back ground, 
but also the calibration source, for searches for exotic hypothesized 
particles and processes such as monopoles, sparticles and proton 
decay. 
l . l PRIMARY COSMIC RAYS 
Cosmic ray part icles hit the ear th 's atmosphere at the ra te 
of about 1000 per square meter per second from all directions. 
They are ionized nuclei - about 90% protons, 9% alpha part icles and 
the rest heavier nuclei - and they are distinguished by their high 
energies. Most cosmic rays are relativist ic, having energies 
comparable to or somewhat greather than their masses. On the 
basis of our knowledge, primary cosmic radiation can be defined 
as the radiation consisting of particles with high kinetic energies 
entering at the top of ear th ' s atmosphere from outer space. 
Cosmic rays can be categorized into following separate 
par ts . 
Cosmic Rays 
X i 
Primary Cosmic Rays Secondary Cosmic Rays 
(PCR) , (SCR) I 
>t 5^  ' :j. 
Soft Hard Nucleonic 
Component Component Component 
-1/ 
Solar Cosmic 
rays 
Galactic 
Cosmic 
rays 
(a) Solar Cosmic Rays 
Increases in cosmic ray intensity associated with cer tain solar 
phenomena such as solar flares, suggest that some portion of 
primary cosmic rays in the lower energy range is originating from 
Sun. These low energy (E < 1 Bev) primary cosmic rays originating 
from Sun are called "Solar Cosmic Rays". 
(b) Galactic Cosmic Rays 
However, it is clear from energy consideration that whole 
of the primary cosmic radiation can not originate from the Sun. 
The high energy part of the primary cosmic rays (E > 1 Bev) the 
source of which is still unknown, is called "Galactic Cosmic Ray 
Component". 
l . l . l Composition of Primary Cosmic Rays 
It is important to realise that the intensity of cosmic 
rays recorded at the ear th is controlled by the solar act ivi ty, 
particularly the low energy cosmic ray particles (i.e, E < 10 ev), 
by the process known as solar modulation (discussed in chapter-l l l ) . 
In fact it is not absolutely clear whether at any t ime during the 
solar activity, the full intensity of cosmic rays is recorded. The 
composition of cosmic rays, an measured on the earth, depends 
on the composition at the source (or origin), acceleration processes 
at the source and what happens to cosmic ray particles during 
their propagation through the galaxy. 
It is now well established that primary cosmic radiation 
consist of exclusively stripped nuclei. From the survey of existing 
l i terature , the classification of composition of primary cosmic rays 
is shown in Table - I 
Table - 1 
Nuclei Group Abundance 
H 
,He 
Li, Be, B 
C, N, 0 , F 
Z > 10 
Hydrogen nuclei 
Helium nuclei 
Light nuclei 
Medium nuclei 
Heavy nuclei 
83 - 89% 
10 - 13% 
1 to 2% 
It is customary to divide the nuclear component of 
Primary cosmic radiation into following groups Tab le - I I This 
division is somewhat arbi trary, but is based on their observed 
relative abundance. 
Table - II 
Group Charge 
1. Hydrogen nuclei (p) Z = 1 
2. Helium nuclei (He) Z = 2 
3. L-nuclei 3 ^ Z ^ 5 
li. M-nuclei 6 ^^  Z <^ 9 
5. H-nuclei Z ^ 10 
Where L = Light; M = Medium nuclei; H = Heavy nuclei. 
The heavy nuclei (H-nuclei) group has been further divided 
in the following subgroups. 
Table _ III 
10 <: Z >^  15 Hj group 
16 v<: Z ^ 19 H^ group 
20 ^ Z .^  28 H group 
29 v<: Z < 80 H group 
Z > 80 H^ group 
Such a grouping allows theoretical interpretat ion and 
provides a basis for comparison of experimental results with 
predictions of models of cosmic ray propagation and origin. 
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F i g . 1.1 Comparison of the Abundances of the 
e lements in the Ga l ac t i c Cosmic Rays with the 
Solar System Abundances (Normalized to C) 
10 
The relative abundances of various groups of nuclei at 
relativistic energies in cosmic rays near earth as well as at their 
source are shown in Table - IV This abundance has been normalized 
to an abundance of Helium equal to 1000. 
Table -IV Relative abundance of cosmic ray nuclei near earth and 
at the source (K.M.V. Apparao, 1975). 
Group Relative abundance of Cosmic Ray nuclei 
Observed 
P 6500 1.5 X lo'* 
He 1000 1000 
L 15 0 
M 57 n 
Near 
15 
0.8 -
5 
10' 
5 
Earth 
1.6 
-t\ 
X 10"^ 
At source 
Hj  3k 
H^ 0.8 - .  3.8 
H^ 5 19 
H^ 10"'' 0 
H^   ° 1.3 X 10' 
The composition of cosmic rays near their source has 
been traced by their transmission through interplanett)u-y and 
interstellar space. The transmission through interplanetary space 
does not produce much change in relative abundances except in 
11 
3 
case of hydrogen and He nuclei at low energies. The interstel lar 
propagation, however, produces substantial changes. Thus the 
source of cosmic rays becomes richer in heavy nuclei as compared to 
abundance near the earth. Protons and c< -particles are the most 
important components from many points of views. The small 
abundance of nuclei Z :^  3 make them important so far as the 
origin of Primary cosmic radiation is concerned. 
1.1.2 Energy Spectrum of Primary Cosmic Rays 
The energy spectrum describes the most surprising feature of 
cosmic rays, namely the extra ordinary energy of individual part icles 
and the large total energy. The intensity distribution of cosmic ray 
particles can be expressed either by an energy spectrum or by a 
rigidity spectrum instead of later a momentum spectrum is 
sometimes presented. The energy spectrum is referred to ei ther 
kinetic energy or total energy. For individual charge components 
energy per nucleon is considered. There are two types of energy 
spectra, 
(1) The integral energy spectrum. 
(2) The differential energy spectrum. 
The integral energy spectrum is established by a function 
(NE) which gives the flux of particles with energy E and > E 
while the differential energy spectrum expresses the number of 
12 
particles n(E) in the energy range E and E + dE. It can be derived 
from integral spectrum as follows. 
n(E) = M E ) (1 -1 ) 
dE 
The differential energy spectrum for protons (between 5 Bev and 
20 Bev) has the form of power law, i.e., 
N(E) dE = KE" dE ( i - 2 ) 
where N(E) is the number of nuclei with K.E. between E and 
E+dE per unit area per unit solid angle, K and Y are constants , 
K depends upon the type of the nucleus. The values of both 
K and ~f change by the change in energy and charge of the par t ic le . 
Some of these values are shown in Table V The exponent ' Y ' for 
g 
the proton is about 2.6 and K = 6.3 x 10 where the flux is given 
2 
in particles per m per Sec. per steradian and E is in mev/nucleon. 
The intensity of protpns N (>E), with an energy greater than E is 
also expressed in the form of the power law (integral energy 
spectrum). 
NOE) = K^E (1 -3 ) 
where K and "^ are constants with the relation "^ = Y - 1 . The 
values of "Y found by various workers lies between 1.6 and 2.2 in 
the entire range of PCR protons. The differential energy spectra for 
He-nuclei (above K.E. of a few Bev/nucleon) L-nuclei (at high 
energies), M-nuclei (at high energies), as well as H. , H , H- nuclei 
13 
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(at relativistic energies) may also be expressed by power law as 
N(E) dE = KE dE (1 - f ) 
The values of K and V , which is a function of energy, at these 
energies are given below:-
Table - V 
K 
6.3 X 10^ 
> 
2.6 
•^He 
2.5 
\ 
2.6 
'^M 
2.6 
-^H, 
2.68 
^-2 
2.78 
^ " 3 
2.76 
The primary spectrum of all nuclei summed together can be writ ten 
in the form (Wolfendale, 1979) 
N(E) (X E -t'(E) (1-5) 
where, "VCE) is approximately constant at ( ' '^^2.6) for 
10 < E > 3x10 ev and has a different value ( 'v3.2) for 
E > 3x10 ev. The intensity of cosmic ray particles in the energy 
9 20 
interval from 10 ev to 10 ev has been measured with the help of 
different techniques. 
(a) In the lower energy region up to about 10 Bev per 
nucleon, the energy of the primary particles may be measured 
15 
directly with the help of scattering measurements in nuclear 
emulsions exposed at high alt i tudes, but at higher energy this direct 
method cannot be used and other methods must be employed. 
(b) From 1 Bev per nucleon to 15 Bev/nucleon the geomagnetic 
lati tude effect may be used to determine the energy spectra of the 
different types of primary cosmic ray part icles. 
(c) At higher energies beyond 15 Bev per nucleon the energy 
spectrum is determined by making use of the reactions produced by 
the primary cosmic ray particles in the atmosphere or in the nuclear 
emulsion. 
(d) In the energy range 10 - 10 Bev/nucleon the intensity 
of primary particles is low, but it is still possible to use 
emulsion plates to obtain the value of flux. Particles in this energy 
range interact with the nuclei of the emulsion to produce the so 
called 'JETS'. In this reaction particles are produced in a narrow 
cone in the direction of the primary particles. The total energy of 
primary particle is determined from the secondary part icles 
produced in these ' JETS' . 
1 'f 
(e) At energies ;^  10 ev the flux of primary particles is so 
low that direct techniques cannot be used. At this high energy 
hardly one particle can enter a counter or emulsion stack if it 
is exposed at the top of the earth 's atmosphere for several days. 
14 At very high energies >^ 10 ev, the est imate of the flux of the 
16 
primary particles is made from the study of 'extensive air showers' 
(EAS) produced by such high energy particles. From such EAS 
energy spectrum of primary particles can be determined up to 
18 19 
(10 ev - 10 ev)/nucleon. An another technique for measurement 
15 16 
of the cosmic " ray energy spectrum between 3x10 and 3x10 ev 
is photon density spectrum technique (Gregory, A.G., Patterson, J .R. 
and Protheroe, R J . , 1987). They described a new experiment to 
measure the cosmic ray energy spectrum in the astrophysically 
interesting energy range 3x10 ev to 10 ev. The energy range 
between 10 ev to 10 ev is particularly interesting because in this 
region there appear to be related changes in the Power Law 
index of the cosmic ray energy spectrum and cosmic ray 
anisotrophy (Hillas, 1983) and possibly also in composition, although 
this later question is controversial (Kirfune et al 1986). Further 
more, with the observation of ultra high energy T'-rays from neutron 
star binary X-ray sources in this energy range, (Samorski and Stamm 
1983; Protheroe et al 198'f; Protheroe and Clay 1985; Baltrusaities 
et al 1985; Waston, 1985) there has been considerable renewed 
interest in establishing the form of energy spectrum and 
composition near 10 ev (Protheroe, 198't). All techniques regarding 
the measurement of energy spectrum for various energy ranges is 
shown in t ab le - VII 
17 
Table - VII 
Energy of PCR Measuring Technique 
1. 
2. 
5. 
6. 
(1 Bev - 10 Bev/nucleon) 
(10 Bev - 15 Bev/nucleon) 
10 ev > E ^ 15 Bev/nucleon 
10 -10 ev/nucleon 
^ lO^'* ev 
(3 X 10^^ ev - 3 X 10^^ ev) 
Scattering Measurements 
Geomagnetic Latitude 
Effect 
, Reactions Produced by 
PCR in the ear th ' s 
atmosphere or in nuclear 
emulsions. 
Measuring Production of 
'JETS' in nuclear 
emulsions. 
E.A.S. 
Photon Density Spectrum 
Technique. 
1.1.3 Charge Spectrum of the Primary Radiation 
The distribution incharge of the heavy, or multiply charged, 
primary component of the cosmic radiation may be measured 
directly for elements above helium by exposing emulsions to the 
radiation and then estimating the charge, by O -ray counting, of all 
the fast multiple charged particles v/hich traverse the plates. As 
it is not possible to reach the very top of the atmosphere with 
nuclear emulsions, a correction must be applied to the results 
to take into the account that some of the nuclei may have struck an 
air nucleus before entering the plates and have been broken down 
18 
into one or more fragments of smaller charge. The predominant 
abundance of protons and oC -particles renders it difficult to 
determine the abundance of nuclei for Z >y ?>. It has even not been 
possible to determine the rat io between proton and ex -part icle 
components with any accuracy. Perlow et al (1952) showed that the 
ratio between protons and oC -particles is 5.3. From a survey of 
most of the existing measurements (Singer, 1958), it appears that the 
proton component constitutes 83 to 89% of the primary radiation. It 
appears that the ^ - p a r t i c l e content is 10 to i5%, leaving 1 or 2% 
for constituents with atomic number Z ^ 3. The ratio between 
protons and oC -particles has turned out to be the same regardless of 
the geomagnetic coordinates of the point of observation. 
The small abundance of nuclei with Z ^ 3 makes s ta t is t ics 
poor. It has therefore become usual to divide these components 
into three groups and to determine the abundances of the groups as 
a whole rather than the abundances of individual nuclei. The light 
elements Li, Be, B consti tute one group denoted by L; C, N, O, F, 
consti tute a medium group, M. The elements with Z ^ 10 const i tute 
the heavy group, H. This group has been subdivided into 
elements with 10 <: Z :^  16 (group H.) and elements with 
Z > 16 which form the group VH ( Very heavy) elements . As yet 
no nuclei of Z > 28 have been observed in the primary cosmic 
radiation. 
19 
Nuclei in the region 17 <: Z -^  21 are very much less 
abundant than nuclei w i th Z > 21 . This is a result which is of 
importance as concerns theories of the origin of cosmic rays. As 
far as cosmic ray intensity t ime variations are concerned nuclei 
w i th Z :>, 3 are unimportant . In most cases such variat ions are 
treated only with regard for proton component of the pr imary 
radiat ion. This is just i f ied also by the fac t that most of the heavy 
nuclei wi l l f ragment before their penetrat ion to the atmospheric 
layers of meson and nucleon product ion. 
When the charge dist r ibut ion of cosmic radiat ion is 
compared wi th the abundances of the elements in the universe, 
as determined by astonomers, some degree of s imi lar i ty is found. 
This may be seen in table _ V I I I 
Here i t is seen that the universal abundances of L i , Be and 
B is zero. If one accepts the s imi lar i ty and assumes that cosmic 
radiat ion is produced wi th a charge distr ibut ion which is exact ly 
the same as that in the universe, then one may say that these l ight 
elements must have been produced by the break up of heavier nuclei 
on their journey through interste l lar space. In other words the 
intensity of the L i , Be, B component might be used as a measure of 
the distance travelled by the radiat ion before i t reaches the ear th . 
A more detailed study of table - V I I I shows that abundances of 
nuclei Z :>, 10 are a l l greater than those observed in the universe. 
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Table - VI11 
Element At . No. (Z) 
Abundance 
In the C.R. Universe 
H 
He 
L i 
Be 
B 
C 
N 
0 
Ne 
Mg 
Si 
Fe 
Others Z < 30 
Others Z > 30 
1 
2 
3 
It 
5 
6 
7 
8 
10 
12 
I'f 
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100,000 
10,000 
500 
100,000 
10,000 
520 
30 
fO 
30 
30 
30 
1 
130 
2.6 - 7.0 
2.5 
2.9 
5.0 
2.7 
f X 10' 
While the existance of too many light nuclei can easily be 
explained in terms of the break-up of heavier nuclei and excess of 
heavy nuclei would suggest the necessity of reconsidering our 
fundamental ideas on the origin of the primary radiation. 
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1.2 SECONDARY COSMIC RAYS 
When Primary cosmic ray nuclei traverse the ear th ' s 
atmosphere, they make nuclear collisions with air nuclei in the 
ear th 's atmosphere to produce various Secondary particles from the 
disintegration of composite nucleus. These are known as 
Secondary cosmic rays. 
1.2.1 Production of Secondary Cosmic Rays 
When Primary cosmic ray nuclei traverse the atmosphere, 
they make nuclear collisions with air nuclei of the atmosphere 
(Nitrogen and Oxygen). The collision probability is proportional to 
_2 
exp(-x/, >>_), where x is atmospheric mat ter traversed in gm.cm 
and A -, is the mean free path of the nuclei of charge Z. The mean 
free path does not depend on the charge Z but also on the 
energy E^ of the nuclei. 
X^ = f(Z, E^) (1-6) 
-2 
For relativistic energy, the mean free path is 70 gm.cm for 
-2 protons, 25 gm.cm for alpha particles and for heavier nuclei it is 
still smaller. 
During the interaction various secondary particles escape from 
the disintegration of the composite nuclei. The schemat ic 
representation of the whole process is shown in figure 1.2 
Extensive 
Air Shower Array 
o n 
EAS 
Electromagnetic 
Or "Sof t " 
Component 
Incldenf 
Primary 
Partfcle 
Mucicuo 
Meson Telescope 
'— Meson 
Meson 
Or "Hard" 
Component 
n P 
Neutron Monitor 
Efl 
Nucleon 
Nucleonic 
Component 
N.P-HIgh energy nucleonr, 
n.p-Dls ln legrol lon product nucleons 
0-Atomic nuclei of atmospheric constituents 
F i g . 1.2 Depicts the nuc lea r c a s c a d e p roduc t ion of t h e 
Secondary p a r t i c l e s , from the i n t e r a c t i o n of Pr imany Cosmic 
Ray p a r t i c l e s wi th Atmospheric nuc le i d u r i n g v a r i o u s 
s t ages of the c a s c a d e deve lopmen t . The maximum f lux of 
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In this process, nucleons, pions ( ^ -mesons ) ( A , -K , 7^), 
Kaons (K-mesons) (K , K , K°) and hyperons are produced in 
abundance, charged pions are unstable particles (life tinne 
'->-'2xl0 sec) and will decay into /U.— mesons as 
Box - 1 
7f f /U-)'Yu. 
Since the charged pions are of short life t ime and also the 
interaction cross section with nuclei is large, the number of part icles 
reaching the lower atmosphere (or at sea level) is quite negligible 
jjr-, on the other hand, are relatively long lived (life t ime /^^10 sec) 
and therefore reach the sea level. 
A considerable fraction, however, of u-mesons iytr-) decay into 
electrons (e—) and two neutrinos according to the reaction given 
-h 
Box - 2 
Neutral pions (7^) have very smalllife t ime (.-^10' s e c ) . The 
neutral pion has two decay modes as given below 
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Box ~ 3 
Decay 
Probabi l i ty 
7\ > y - f y (Two gamma rays) ^^% 
The f i rs t decay mode occurs for 99% of neutral pions than the 
second one. A certa in amount of photons are being added through 
Bremssthralung, generated by pr imary part ic les when i t penetrates 
the atmosphere. By annihi lat ion process the positron contr ibute to 
the photon content and thus also the production of electrons. In 
this way photron-electron cascade develops. 
The character of par t ic le production and decay processes 
implies that the composit ion of the secondary cosmic rays varies 
w i th al t i tude i.e. w i th atmospheric depth. The neutron content of 
nucleon component is especially variable par t ly due to the decay of 
neutrons and partly due to nuclear interact ions. Thus the secondary 
cosmic rays mainly consist of -
(1) Meson component or Hard component (|i-Mesons). 
(2) Electromagnetic component or Soft component (e , e , Y ). 
(3) Nucleon component (Neutrons and protons). 
A t sea level we have the si tuat ion as -
(a) Hard component 1"^%. 
2k 
(b) Soft component 25%. 
(c) Nucleon component 1%. 
1.3 SOLAR COSMIC RAYS 
Solar cosmic rays were f i rs t discovered by Forbush (19't6) 
based on his analysis of three unusual increases in cosmic rays 
observed on 28 February and 7 March, 19 *^2 and 25 July I9 ' f6. 
The study of low energy cosmic rays of solar or igin provides useful 
in format ion concerning the association of solar and ter res t ia l 
phenomena as well as in format ion related to the propagation 
mechanism of these par t ic les. 
Based on the t ime prof i le and peak intensit ies of solar 
cosmic ray events, these events are temporar i ly classif ied into two 
types called 'unusual increases' and 'small increases'. In general i f 
the peak of the intensi ty of the solar cosmic ray increase is 
^ 10% of the background intensity of galact ic cosmic rays, we 
cal l this event as unusual increase in accordance w i th Forbush 
{19't6), the other events are cal led Small increases (Kodama, 1962). 
According to their energy, solar cosmic rays in the energy range 
r-^ 1-500 Mev are re fer red to as ' low energy par t ic les ' or 
'energetic part icles' and ' re la t iv is t ic par t ic le events' in the energy 
range<^0.5 - 5 Gev (Duggal, 1979). 
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Solar cosmic ray events usually start with a sudden increase 
of cosmic ray intensity just after the onset of the solar f lare. 
After the peak intensity is reached, the intensity s tar t decreasing 
-3/2 gradually following a power function of time such as t ' at 
first and then at later t imes it decreases exponentially like 
exp(-t/,t ). Such a t ime profile was explained by means of 
diffusion of solar cosmic rays in the inner solar system (^ IA A.U.). 
The time profile of solar cosmic rays at the earth are highly 
dependent of the position and other characteris t ics of associated 
flares and on the physical s ta te of interplanetary space. 
In general the solar cosmic ray events are produced from a 
solar flare which is accompanied by a type IV radio burst of wide 
frequency band. This means that the high energy electrons are 
accelerated simultaneously with solar cosmic ray protons and heavier 
nuclei. Also, it is known that the majority of solar cosmic ray 
events are associated with solar flares on the v/estern hemisphere of 
the Sun. 
I.3.ICOMPOSITION OF SOALR COSMIC RAYS 
Direct observations showed that the main component of solar 
cosmic rays consisted of protons. For this reason, the Mev cosmic 
ray events, were often called 'Solar proton events ' . Helium and 
other heavier nuclei are also present in solar cosmic rays. The 
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relative abundance of some chemical elements of solar cosmic rays 
(Z >, 2) are given in Table IX (Biswas and Fichtel, 1965). 
Table ^ IX Composition of Solar cosmic rays relative to Oxygen = 1.0. 
Element At.No. (Z) Relative abundance 
He 2 107 +_ If 
Li 3 -
Be + B if, 5 0.02 
C 6 0.59 ^ 0.07 
N 7 0.19 _i_ 0.0'/ 
O 8 1.0 
F 9 0.03 
Ne 10 0.13 +_ 0.02 
Na 11 -
Mg 12 0.0'f3 +_ 0.011 
A l 13 • -
Si U 0.033 j ^ 0.011 
F - Sc 1 5 - 2 1 0.057 +_ 0.017 
Ti - Ni 22 - 28 0.02 
The relative abundance (P/^? ) ratio is highly variable (Freier and 
Webber 1963, Sai<urai 1971). The magnitude of P/oO is related to the 
type of soalr cosmic ray events. For this reason this ra t io P/jxj 
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cannot be uniquely deternnined by observing solar protons and Helium 
nuclei. On the other hand the relative abundance rat io o^/M and 
0^/H are almost constant for most solar cosmic ray events and 
therefore, are very similar for the photosphere of the Sun (Biswas and 
Fichtel, 1965). 
1.3.2 Energy Spectrum of Solar Cosmic Rays for Energetic Particles 
Freier and Webber (1963) have shown that 
an exponential rigidity spectrum of the following form can be-
fitted to the solar part icle flux (from a few Mev to a few Bev 
range) 
63 dJ f^. -R/R (t) (. 7 . 
where R = (bc/Ze) is part icle rigidity and ' J ' is the intensity of 
cosmic rays. 
Van Hoilebeke et al (1975) have shown that over a limited 
energy range Cf-SO Mev), the differential intensity can be f i t ted with 
a power law spectrum of the following form -
— = KE"^ (1 -8) 
dE 
where the average value of T is 2.9 for 20 - 80 Mev protons and 
2.5 for 8 - 2 0 Mev protons. They have also found that exponent 
T i s a function of heliolatitude of parent flare. 
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For relativistic particles: The spectrum for relativistic particles is 
generally determined from the data of neutron monitors located at 
stations characterized by different threshold rigidities. The 
observations thus indicate that the ground level enhancements are 
n-,ostly recorded from stations character ized by threshold rigidity 
of < 7GV, although in one case (Feb. 23, 1956), particles upto at 
least 20GV were accelera ted at the Sun. The procedure most 
commonly employed to deduce the rigidity spectrum of particles is 
described as follows: 
The relationship between the counting ra te of a neutron 
monitor and the solar flare part icle spectrum can be written as -
,00 
R 
c 
where ( — I is the rigidity spectrum of flare part icles, S.,(R) is 
VdR'f '^ 
the normalized specific yield function, R is the cut-off rigidity of 
the station where the neutron monitor is located. The specific 
yield function Sp(R) for protons has been calculated by several 
workers (Wainic et al 1968; Lockwood and Webber, 1967; Lockwood 
et al 197'f). For a given period during a solar cycle the normalized 
specific yield function can be related to Sp(R) by the following 
equation Palmeira et al 1970. 
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5^^)= Sp(R) 
N (15) 
= S^(R) 8 
3^(13) 
( I - IO) 
where Sp(R) = proton specific yield function and N is the 
counting ra te of a neutron monitor produced by galactic cosmic rays, 
(dJ/dR) is the rigidity spectrum of the primary galactic part icles and 
N (13) and J (15) represent the integral neutron monitor counting ra t e 
and the priamry flux for a station with cut off rigidity of 
15GV (R = 15). The geographic location with R = 15GV is near 
the upper limit of the lati tude surveys that are required for 
calculating the specific yield functions and hence this rigidity is 
generally used in normalization process. The percentage 
enhancement (F) from solar particles, above the background 
counting ra te , recorded by a neutron monitor character ized by a 
cut-off R can be written as -
r 
I oo = 1/N J (dJ/dR)j Sj^(R)dR 
R 
c OO 
N ( 1 5 ) / N 3 (15) \ (dJ/dR) S(R)dR ( 1 - 1 | ) 
5 / 8 6 I ^ 
This equation forms the basis for calculating the spectrum (dJ/dR), 
from the observed intensity enhancement F at a given station. In 
order to eliminate the uncertainity caused by normalization terms 
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N (15) and 3 (15), it Is useful to consider pairs of stat ions. The 
g g 
ratio OC of the percentage increases recorded by neutron monitors 
at two locations x and y character ized by cut-off rigidities R 
and R , respectively, can be written as 
'^xy = Fx/Fy = N / N 
/ gy/ gx 
(1-12) 
I (dJ/dR)j Sp(R)dR 
where N and N represent the counting rates at stations y and x, 
gy gX 1^  b 
respectively for galactic flux. The ratio ^ = N /N can be 
obtained from appropriate latitude surveys. It should be remarked 
tha t the above mentioned procedure is applicable only during 
periods when the solar part icle flux is isotropic. 
1.* GEOMAGNETIC AND ATMOSPHERIC EFFECT ON COSMIC RAYS 
Since the primary cosmic ray particles are charged part icles , 
their paths are bent by the action of the earth 's magnetic field 
even before they reach the top of the atmosphere Stormer (1955) 
was the pioneering in theorizing and calculating the trajectories of 
cosmic ray particles under the influence of geomagnetic field. The 
extent to which the incoming particles of a given charge and mass 
are deflected is a function of geomagnetic lat i tude. The par t ic le 
energy and the pitch angle. In other words the controlling factor is 
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the r ig id i ty P of the par t ic le which is defined as the par t i c le 
momentum (b) to i ts charge P = fc/ .Ze. The ver t ica l threshold 
r ig id i ty ^c (also known as cut off r ig id i ty) at each geomagnetic 
la t i tude A in a dipole can be calculated f rom the equation 
\>c = U.9 Cos'^ GV 
Q 
Thus at equator A= 0, \>c is about 15x10 volts, which means that 
only those part icles w i th r ig id i ty (energies) exceeding this value would 
reach the equator. As we go f rom equator towards poles, lower and 
lower energy part icles would reach the surface. Thus the earth 
i tsel f acts l ike a giant analyser to incoming cosmic ray par t ic les . 
Since cosmic rays consist of charged part ic les having a continuous 
charge spectrum ranging f rom proton to transuranic elements. 
20 Their energy varies f r om a few hundred Mev to about 10 ev 
(Suga et al 1971; Ryan et al 1972) and probably higher. However, in 
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any case part icles of energies higher than 10 ev. are not e x p e c t e d 
in the pr imary cosmic rays as they undergo several losses through 
Bremsstrahlung and pair product ion. The charged part ic les o f 
pr imary cosmic rays substantial ly al ter their d i rect ion of mot ion when 
they enter the sphere of act ion of earth's magnetic f i e l d , the 
t ra jector ies of the low energy part ic les are part icular ly disturbed. 
A l l ground based cosmic ray measurements, bal loon 
observations and near earth satel l i te work are a f fec t by geomagnetic 
f i e l d . The f i r s t hint of this inf luence came when the cosmic ray 
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intensity was found to be lower in the v ic in i ty of the earth's equator 
than at higher lat i tudes. Depending on their charge, their d i rec t ion 
wi th respect to geomagnetic f i e ld , and their momentum, cosmic ray 
part ic les are to some degree def lected in earth's f i e ld . The observed 
par t ic le flux therefore depends on the location of the observer on 
the surface of the ear th , and for any given locat ion i t also 
depends on the di rect ion of incidence under the s impl i fy ing 
assumption that the earth's magnetic f ie ld may be represented as due 
to a magnetic dipole at the earth's cent re , the orbits of part ic les of 
any momentum or d i rect ion of incidence can be calculated. For each 
geomagnetic lat i tude (measured f rom magnetic poles) there exists a 
c u t - o f f energy below which ver t ica l ly incident pr imary cosmic ray 
part ic les cannot reach the top of the atmosphere. The earth 
therefore, serves as a magnetic spectrometer for determinat ion of the 
energy spectrum of pr imary cosmic ray part ic les and of solar 
f la re part ic les. 
Further, as the pr imary cosmic rays enter the te r res t ia l 
atmosphere, they are transformed and generate secondary par t ic les . 
This transformation d i f fers for part ic les of d i f fe rent energies. 
F ina l ly , the conditions under which generation and passage of various 
components through atmosphere takes place, do not remain constant 
and cosmic ray variations of atmospheric or ig in, the so cal led 
metereological ef fects, take place. Therefore, i t seems inev i tab le 
to have a clear understanding of the e f fec t of earth's magnetic f i e ld 
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and its atmosphere on the prinnary cosmic ray part ic les for 
in terpret ing the ground based cosmic ray observations in terms of 
pr imary cosmic ray variat ions in tt ie interplanetary medium. A 
number of attempts have been made using theoret ica l calculat ions 
(Dorman, 1957; Wainic et al 1968; Debrunner and Fluckiger 1971) 
to relate the secondary cosmic ray intensity wi th pr imary cosmic ray 
intensi ty at the top of the atmosphere. Fol lowing Dorman (1957) the 
cosmic ray variat ion observed at any ground base detector can be 
expressed as 
where N. is the intensity of secondary component i at a la t i tude 
and atmospheric depth h, having a cu t -o f f energy E. . D(E) is the 
d i f fe rent ia l energy spectrum which can be expressed in a simple 
fo rm as AE ^ where 'A ' is a constant and / is the spectra l 
exponent, m (E,h) is defined as the mul t ip l i c i t y and W. (E,h) as the 
coupling constant or the d i f fe ren t ia l response funct ion. 
The f i rs t te rm of equation (1-13 ) represents the var ia t ion 
due to change of cu t -o f f energy. The second term shows the 
var iat ion caused by atmosphere (metereological) parameters such as 
pressure and temperature. The th i rd term essentially includes the 
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var iat ion by the changes in the pr imary energy spectrum and is of 
v i t a l interest in a l l studies of cosmic ray variations. The 
geomagnetic f ie ld acts as a spectrum analyser to the incoming 
part ic les. A t any locat ion ?) , only part ic les above a minimum energy 
(cut -of f ) E. are al lowed to reach the detector. The la t i tude 
e f fec t observed in the cosmic ray intensity clearly indicated tha t 
cu t -o f f energy (E. ') is maximum at equator and minimum at poles. 
1.5 ORIGIN OF COSMIC RAYS AND ACCELERATION MECHANISMS 
Cosmic rays were discovered in 1911, even then i t is not 
known, where' they or ig inate and how they acquire their tremendous 
amount of energy per nucleoni These are the fundamental questions 
of cosmic ray Physics. The answer to t i ie question of or igin is not 
yet fu l ly known. It is, however, clear that nearly all of them come 
f rom outside solar system but f rom wi th in the galaxy. However, 
various theories concerning the origin of cosmic radiat ion have 
revealed that the cosmic rays are part ly of solar or ig in, par t ly of 
galact ic origin and a part of cosmic rays having high energy per 
nucleon, have their or ig in even beyond our galaxy (i.e. Ex t ra 
9 
galact ic origin). Only at low energies below about a Gev (10 ev), 
has i t been possible to ident i fy the Sun as source of some of the 
part ic les. 
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(A) Solar Origin 
The general arguments for the solar or ig in is described as 
fo l lows: 
The term solar or igin signifies that the origin of cosmic 
rays exists somewhere on the Sun. In f ac t , during the solar f l a re 
the Sun produces large number of part ic les of energies varying f r o m 
several hundred Mev to several Bev. This accelerat ion occur dur ing 
high solar ac t iv i ty , when a large errupt ion takes place and large 
masses of ionized gases shoot-out f rom the surface of the Sun into 
interplanetary space. The magnetic disturbances accompanying these 
erruptions are strongly suspected as the agency through which some 
of the protons in the solar atmosphere acquire high energies. 
However, the isotropy of the quiescent cosmic rays and the presence 
of high energy particles (protons of energy ^ 10 ev) demands the 
or igin outside the solar system. If cosmic ray part icles have energy 
of the order of 10 Bev which fo rm the major port ion of the cosmic 
rays, then neither the earth's magnetic f ie ld ( ^ 0.5 gauss) nor the 
interplanetary magnetic f ie ld ( ^ 3xlO~ gauss) can maintain thei r 
isotropy. For a proton of energy 10 ev the radius of curvature 
in IMF wi l l be nearly 10 cm which is 6500 t imes of the 
earth-Sun distance, while the radius of curvature in the v ic in i ty of 
12 
earth wi l l be 6x10 cm which is 10,000 t imes the radius of 
ear th . Thus the protons of energy 10 ev or more do not go 
under appreciable def lect ion, neither in IMF nor in earth's magnetic 
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field. So, if they are produced by the Sun they would come from 
the direction of the Sun. But the shower experiments have shown 
that there is no preferential direction of arrival of high energy 
part icles. 
(B) Galactic Origin 
It is natural to assume that cosmic rays are produced in 
galaxies rather than in the nearly empty space between galaxies. 
The main question is whether cosmic rays seen near the earth 
originate in our galaxy (Milky way) or outside our galaxy. If 
cosmic rays are coming from outside our galaxy, they might be 
pervading the whole universe or restricted to our local cluster of 
galaxies. The general arguments for a galactic origin are: 
(1) The energy needed for maintaining the cosmic rays in 
our galaxy is available. The cosmic ray energy density is 
-12 3 
about 10 ergs/cm , the galactic volume including the halo 
CO -3 
is about 10 cm and the life time of cosmic rays in 
g 
the galaxy is about 10 years. The energy needed to 
maintain the cosmic rays at its present intensity is -
^r-D = lO'^^x 10^^ ^ , ,„40 / / , , , ^ 
CR — 3x10 ergs/.sec. ( l - l ' f ) 
3x10^1x10^ 
(One year = 3 x 10 sec.) 
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This energy can be supplied either f rom Supernova explosion or 
f r om Pulsars. In the case of Supernova expjosion the energy released 
can be as high as 10 ergs and if a Supernova explosion occurs 
about every 50 years, then the energy supply is 
. . , 50 _ M 
E tO'^'" ^ 10"^' ergs/sec. (1-15) 
-SN 
50 X 3 X 10^ 
In the case of Pulsars the centra l body is responsible for pulsation 
is thought to be rotat ing neutron star. This star can have an 
52 energy of 10 ergs in the fo rm of rotat ional energy. If again a 
Pulsar is born every 50 years (a Pulsar is expected to or iginate in a 
Supernova explosion) and if say ten percent of the Pulsar energy loss 
goes into part ic le radiat ion, then the energy supply to cosmic rays 
is ' 
10^1 
Ep = c^ 10^^ ergs/sec. (1-16) 
50 x 3 x lO'' 
which is enough to maintain cosmic ray intensi ty. 
(2) Electrons wi th energy above 300 Bev have a mean f ree 
path, for energy loss, of about 10 c m , due to presence of 
universal microwave radiat ion. This means that the 
electrons of a few hundred Bev that are seen near the ear th 
cannot come f rom outside our galaxy and have to or ig inate 
in our galaxy. 
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From the energy consideration the possible sources are given in the 
fo l lowing Box -5 
Box 
SI.No. • Possible Source of Cosnnic Rays 
1. Supernovae Explosions as sources of CR. 
2. Pulsar as a source of Cosmic Rays. 
3. Rapid X-ray Burster as a source of Cosmic Rays. 
The energy given in equation ( I - I 4 ) can be supplied either f r om 
Supernova explosion, Pulsars and f rom rapid X-ray Burster (Singh, 
L.M. and Duorah 1983). w i th the observations in the recent years of 
u l t ra-high energy gamma rays f rom specif ic astrophysical sources, i t 
has becomes possible to state w i th some confidence that the sources 
at least a subset of the high energy cosmic rays are now known. 
I t is not known whether or not such sources contr ibute the whole of 
the observed. cosmic ray beam or whether they are capable of 
producing the highest energy cosmic rays only. However, Samorski 
and Stamm at Kiel (1983) discovered that a single source X-ray 
binary Cygnus X-3 might be capable of producing a l l cosmic rays 
upto at least 10 ev. If this is so, then simple measurements of 
cosmic ray anisotropy should put l imits on the source energy 
spectra at high energies where galact ic propagation approaches 
rect i l inear motion in the galact ic magnetic f i e ld . The calculat ions of 
Berezinsky, V.S. et al (1979) and Berezinsky, V.S. (1983) 
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demonstrates that the cosmic ray intensity and their spectrum at 
17 19 
(10 - 10 ) ev for galact ic model wi th the regular magnetic f i e ld 
in the halo can explain the observations. The most d i f f i cu l t is the 
ant isotropy. 
The arguments for ext ra galact ic or igin are purely based on 
the avai labi l i ty of celest ial objects which radiate copiously. These 
are radio galaxies and quasars. The isotropy observed for par t ic les 
wi th energy greater than 10 cv suggests t l ia t those part ic les of 
very high energy at least should pervade the intergalact ic space. 
The question of galactic versus extragalact ic cosmic rays has not 
been set t led. The discovery of energetic sources in our own galaxy 
l ike Pulsars, Supernovae explosions, Rapid X-ray Burster, has shi f ted 
the consensus towards the galact ic or igin of cosmic rays. 
Acceleration Mechanisms 
The most cunningly devised par t ic le accelerator yet bu i l t 
by man can accelerate protons to energies of /'v-'lO ev; the highest 
energy present in the cosmic radiat ion is as yet undetermined but i t 
20 is certainly at least 10 ev of even more. How such high 
energies are achieved has been one of the most puzzl ing features of 
the radiat ion since i ts discovery. While the vast scale of universe 
might be expected to be some compensation for the lack of 
organisation, some ef f ic ient mechanism must be at work. Laboratory 
accelerators invariably depend on electromagnetic accelerat ion either 
itO 
by the passage of charged part ic les through electrostat ic f ields or 
through nonstatic magnetic f ie lds. I t can be shown easily tha t the 
conduct iv i ty of intergalact ic or galact ic space is too high to pe rmi t 
e lectrostat ic f ields to. endure long enough to produce e f fec t i ve 
accelerat ion. A number of accelerat ion mechanisms have been 
proposed based on these non-stat ic magnetic f ields but the most 
generally accepted is that of Fermi or some var iant of i t . Fermi 
regards, the acceleration as a s ta t is t ica l process. This mechanism 
can be considered to operate in various regions e.g., Supernovae 
shells, interstel lar space in terga lact ic space. The impressive fea ture 
of the Fermi theory is that i t leads natural ly to a power law 
spectrum. 
Fermi Acceleration 
In 19't9, Fermi gave the novel idea that charged part ic les 
could gain energy through collisions w i th randomly moving magnetized 
gas clouds in the interstel lar space. That such magnetized clouds do 
exist has been confirmed by the study of polar izat ion of star l igh t . 
I t was shown by Fermi that part ic les lose energy in overtaking 
collisions wi th such clouds and gain energy in head on coll isions. 
Since on the average there w i l l be more head on collisions than 
overtaking collisions, the part ic les w i l l gain energy. According to 
Fermi the average f ract iona l gain in to ta l energy (U) of a par t ic le 
per coll ision is given by 
ttl 
4 i J _ 3/M B ^ =OCJ a constant (1-17) 
U 
where U = kinetic energy + rest mass energy, 
p. _ Average speed o l clouds 
Velocity of l ight 
Total energy (U) after N collisions is 
cxN 
U = U e 
o 
N = i In (U/U ) (1-18) 
PC* O 
If ''€' is the mean t ime between collisions and ' t ' is theage f rom 
the moment of inject ion f rom the source, then 
t = N X = ' C In (U/U ) (1-19) 
Now due to nuclear collisions and by leakage f rom the galaxy every 
part icular species of the nucleus has a cer ta in value of l i f e t i m e , T, 
such that the number of surviving nuclei of that species a f te r t ime 
' t ' is given by 
N (>t) = N^e"*^""" ( i _20 ) 
So that , due to acceleration process, the number of nuclei N(>U), 
having to ta l energy > U is 
U2 
NO U) = N e ' ^^^ = N exp [ - " ^ In (U/U )] 
In [NO U)/N ] = - - 5 : - ln(U/U ) = In (U/U f'^^'^'^ 
NOU) = N^(U/U^)" '•^^, i.e. NO U) o C U "^ (1 -21) 
wher e T = IffCJ 3-1.5 as actually observed. 
Since the mean free paths for heavy nuclei are much shorter than 
those for l ight ones, the values of T should be less for them. 
This means that their energy spectra should be steeper. This is not 
found to be the case in pract ice. Hence T is determined mainly 
through leai<age f rom the galaxy and so almost independent of 
charge on this basis. 
1 1 1 
e c 
Where T = l i fe t ime due to nuclear collisions and 
c 
T = l i fe t ime due to escape f rom the galaxy. 
One objection to this accelerat ion mechanism is that too much 
leakage f rom the galaxy has to be assumed. Also the average 
veloci ty of magnetised clouds required to produce the desired 
amount of acceleration is about 200 km/sec which is . an order 
^ 3 
of magnitude larger than the observed velocit ies of these clouds 
( '->'20 km/sec). Therefore, the bulk of accelerat ion must be 
produced very near the sources themselves. Several mechanisms 
have been suggested to act in sources. The extra-galact ic theory 
is essentially a revision of the Fermi 's theory but on Metagalact ic , 
rather than galact ic, scale. 
ttlt 
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CHAPTER - II 
THE SUN, ITS ATMOSPHERE AND SOLAR ACTIVITY 
2.0 INTRODUCTION 
In order to understand the cosmic ray time variations due to 
solar modulation, it seems inevitable to understand the structure and 
properties of the Sun, its immediate environment and that of 
interplanetary medium. In this chapter, therefore, some of the 
features of the Sun, the solar wind and that of interplanetary 
magnetic field (IMF) which play an important role in the modulation 
of cosmic rays in the interplanetary space, have been briefly 
described. These topics have been well documented in l i terature from 
time to time (Brandt, 1970; Gibson, 1972; Akasofu and Chapman, 
1972; Kane, 1976). 
2.1 THE SUN 
The Sun is our nearest star. It is one of the several 
hundred billion stars in our galaxy. It is at an average position in a 
spiral arm, 8000 parsecs from the galactic centre as shown in 
Fig.2.1 The Sun participates in the rotational motion of the stars 
around the galactic centre and it takes 200 million years to complete 
its full orbit. In the Hertzsprung-Russell diagram the Sun lies on 
main sequence. It belongs to the category of dwarfs, in contrast 
in) 
Globular clusters 
and halo stars 
Gfilaclic disk 
Position ° 
of Sun 
-Galnctic disc 
•100,000 liglnycnrs 
II h I 
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F i g . 2 .1 A r t i s t ' s c o n c e p t i o n of our g a l a x y , s h o w i n g the 
loca t ions of the g l o b u l a r c l u s t e r s and Ha lo , the Nuc leus , t t ie 
d i s k and the S p i r a l a r m s , 
a) EDGE - ON 
b) FACE - ON 
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to giants such as Betelgeuse and Antares, whose diameters are f i ve 
hundred times larger. With respect to its locat ion in the galaxy, i ts 
size and luminosity, the Sun appears to be a rather dul l star. 
Nevertheless, the Sun is unique. For us, l iv ing on earth, i t is the 
only star that is suf f ic ient ly near to us that we can study its 
surface in detai l and, as pr iv i leged spectators, observe the grandiose 
phenomena happening there. The Sun is a sphere of hot gases, in 
i ts centre the temperature and density reach values tha t are 
suf f ic ient to maintain nuclear reactions. The fuel f r om which Sun 
extracts its energy is hydrogen, whose nuclei are transformed in to 
hel ium by the process of fusion. Therefore, the number of hydrogen 
nuclei decreases towards the solar centre. Away f r o m centre there 
is a very rapid increase in proport ion to hydrogen nucle i , beyond 
about a quarter of the solar radius the Sun is a homogeneous 
mjxture of hydrogen, hel ium and traces of heavier elements. 
The solar atmosphere is not homogeneous but is highly 
s t ructured; its radiation f luctuates f rom one point to another due to 
subtle variations in temperature and density. Neither is i t 
s ta t ic , i t is constantly s t i r red by currents and turbulent waves. The 
Sun emits, either continuously or sporadically the ent i re spectrum of 
o lc r t ro i i iag i io t i r rndint ion, f rom X-rnys, through u l t rav io lo t , visible and 
in f rared, to radio waves. In addit ion to radiat ion, the Sun emi ts 
part ic les such as protons j electrons and helium nucle i , which i t 
accelerates to a few hundreds of k i lometers per sec. in the solar 
'f9 
wind. I t is by appropriate examinat ion of these messengers of l ight 
and matter coming f rom sun, that we can discover the propert ies of 
the regions of the Sun f rom which they were emi t ted . The Sun 
is a typ ica l main sequence star. Its pr inc ipal propert ies are l is ted 
in Table 2 .1 
Table 2 .1 Parameters of The Sun 
Mass 
Radius 
IVean Density 
Centra l Density 
Luminosity 
E f fec t i ve Temperature 
Central Temperature 
Absolute Bolometric magnitude 
Absolute visual magnitude 
Spectral class 
Colour indices 
Surface chemical composition 
Rotat ional period (At equator) 
(At 60° lat i tude) 
m = 1.989 X 10^° kg 
R = 6.960 X 10^ km 
»^= U09 kg m~^ 
f^  = 1.6 X 10^ kg m"^ 
L = 3.9 X 10^^ W 
T 
e 
T 
c 
= 5785 K 
= 1.5 X 10^ K 
M, , = t^.72 bol 
M 
V 
= 
B-V 
U 
X 
Y 
Z : 
25 
29 
= .^79 
G2V 
' = 0.62 
- B = 0.10 
= 0.71 
= 0.27 
= 0.02 
days 
days. 
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On the basis of the data available at present, the solar model 
is shown in Figure 2 .2 . The energy is produced by p-p chain ina 
small central region called core of the Sun. 99% of the solar energy 
is produced in the core of the Sun whose radius is R IM (R = Solar 
^ o o 
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radius). The Sun produces energy at the rate of 4 x 10 v V , 
which is equivalent to changing about four million tonnes of mass 
into energy every second. The mass of the Sun is about 330,000 
times that of the earth. When the Sun formed about 5,000 million 
years ago, its ' composition was the same everywhere as its present 
surface composition. Our present picture of the Sun is based both 
on observations and on theoret ical calculations. The general picture 
of the Sun is shown in Figure 2 . 2 
2.2 THE INTERNAL STRUCTURE OF THE SUN 
At present the Sun is the only star with a known mass, 
luminosity and age. The Sun allows the verification of theories 
of stellar structure and evolution. After 1960's, two types of 
informations became available which placed additional constraints on 
models of the Sun: these were the flux of neutrinos coming from its 
interior and pulsations of its surface. The interior of the Sun is 
still very hypothetical. Most of the nuclear reactions occur in the 
core. The convective zone is believed to be made up of giant 
cells together with some small scale turbulance, this is merely 
hypothetical, however, as we know very l i t t le of the processes 
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actually taking place. The radiative zone is believed to be cairn. 
The boundary betv/een the radiative and convective zones Is also 
poorly understood. The core is hotter about 15 million K t h a n its 
surface (about 6000K). This temperature inhomogeneity causes the 
outward flux of radiation which we observe. In the core a series of 
nuclear reactions transforms hydrogen into helium with the 
liberation of neutrino and reaches earth without having interacted 
with the intervening mat ter . The . e x i n t a n c e of neutrino was predicted 
in the 1930 by Wolfgang Pauli and Enrico Fermi. 
Proton-Proton Cycle 
The more abundant elements in the core are H, He, C, N, 
O, Ni, Mg, Si and Fe. The contribution of energy by the elements 
of charge higher than 7 is negligibly small as the ra te of 
reaction is extremely small for high value of product of charges. 
Thus in case of Sun the main energy is contributed by the 
proton-proton cycle although some contribution also does come from 
carbon nitrogen oxygen cycle. These two types of reactions are 
discussed below: 
The corona extends 
far beyond the outer 
limits of this 
diagram 
Corona 
Chromosph< 
o p i 
qr '-Reaping 
>, radiation I ) 
F i g . 2 .2 The Genera l p i c t u r e of the S u n . The v a r i o u s 
k i nds of Solar Phenomena are S c h e m a t i c a l l y i n d i c a t e d . 
Table 2 .2 Fusion Reactions in the Sun 
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(a) 
(b) 
(c) 
! » ' ^ l " ' 
l " ' ^ 1^'' 
! » ' ^ l " ' 
l " ' * l " ' 
_He + _He -> 
H^  . e^  ^Vc 
iio^ . r 
H^ + e^ - tV t 
,He'' + r 
^He^ + 2 J H ' 
OR ^ , H ' -> -He + Release of energy 
('^27 Mev) 
p-p cycle generates energy per gram that depends on the 'fth 
power of the central temperature (E C< T ). Thus in the p-p 
reaction the net result is that four hydrogen nuclei are transformed 
into one nucleus of helium and the liberation of enormous quantity of 
heat energy. Thus the hydrogen in the core is gradually 
depleted as the fusionireact ions a r e going on and the concentration of 
helium steadily builds up. 
Carbon-Nitrogen-Oxygen Cycle 
This cycle is more dominant in stars that are more 
13 15 
massive than the Sun. The unstable N and O formed in this 
a 
E 
4,000.000 r 
2,000,000 
1,000,000 -
4,00,000 
2,00,000 
1,00,000 
40 ,000 
20,000 
10,000 
SiliconXI|l''onXV 
a 
o •rsil iconVI 
^ ' »Oxygen V 
o Voxygen IV 
>Oxygen III 
•Silicon IV 
JSiliconlll 
^Oxygcnll )xygcnll 
1000 2000 4000 10,000 20,000 40,000 100,000 200,000 
Height above photosphere (km) 
F i g . 2.3 Ionizat ion of Di f ferent Atoms present in the solar 
Atmosphere passing through higher and higher ion izat ion 
states wi th increase in Temperature. 
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cycle, decay through fi and neutrino emission with half lives 10 
nninutes and 2 minutes respectively. The average t ime of completion 
of carbon cycle under the conditions of tlie interior of the Sun is 
<~'10 y e a r s . The net result of this kind of cycle is the production of 
one He nucleus, two positrons and two neutrinos from four protons 
and two electrons while the V -radiation, is rapidly transformed into 
local thermal energy, the neutrinos formed escape from the Sun 
without adding to luminosity. The enormous amount of heat so 
produced in the core is transferred outward by radiative transfer 
and convective processes. At the surface of the Sun convection J s 
more dominant and ascending hot gases carry the heat outward. 
The CNO cycle is much more sensitive to temperature , its energy 
generation rate depends on the twentieth power of t empera tue . 
(i.e. ECxrT^°). 
Table 2 .3 CNO Reaction. 
(a) ^N^^ > gC^^ + e^ +V 
^13 „ i .^ . . I f Y 
(b) ^O^^ >^ N^*^  . e^  y 
7 1 6 2 
, , I If. 
(c) i+.H > _He + Release of enormous 
energy. 
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2.3 THE ATMOSPHERE OF THE SUN 
The atmosphere of the Sun consists of three d is t inct regions 
of d i f ferent physical condit ion 
1. Photosphere 
2. Chromosphere 
3. Corona 
The relat ively dense opaque lower layer is known as the photosphere. 
Most of the l ight received at the earth comes f rom the photosphere. 
The increasingly raref ied transparent and extended regions are ca l led 
the C hromosphere and the Corona respect ively. Since the Corona 
lies above the Chromosphere, i t is more tenuous than Chromosphere 
F ig , 2 . 2 . The relat ive positions and various character ist ics of these 
layers are presented in the F ig. 2 .2 and the same are discussed 
in the succeeding subsections. 
2.3.1 The Photosphere 
The lowest layer of the solar atmosphere is known as 
Photosphere. A l l the heat and l ight reaching the earth is rad ia ted 
f r om Photosphere this br ight , visible surface of the Sun is a shell 
of hot , opaque gas several hundred ki lometers th ick wi th in which 
the Sun's continuous spectrum is produced. The temperature of 
Photosphere is not exactely known, however, i t is general ly 
accepted that at i ts top where the Photosphere is a lmost 
•uns am ui snipBJ jo suotjounj B SP SSBUJ pue uoriDnpojd 
XSjaug ' a j n s s a j j . '9 jn;eJadois i jo uor inqiJ is iQ s q i **Z ' ^ I J 
. T 1 1 r-
p p p p p p o o p -•• 
y ro CO *«. bi b> -vi en to O 
. O ' 
V jaiuao 9g) UJOJJ aouBisia 
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transparent, the temperature is about 6000°K. A t the lower depth, 
the Photosphere blends into an opaque region known as "ccnvect ive 
zone" of the Sun which extends by 1/10 of the solar rad i i . The 
thickness of this layer is est imated to be 200-^(00 km. Hydrogen 
16 3 
is the most abundant element (density 10 / cm ) in the photosphere 
and in fac t , throughout the solar atmosphere helium is f i ve to ten 
t imes less abundant than hydrogen in terms of par t ic le density. 
The Photosphere emi ts the continous solar spectrum w i th i ts 
superposed absorption, or Fraunhofer lines but at the same t ime also 
absorbs the same l ight . The photospheric disk shows the decreases in 
brightness f rom centre towards edge. This e f fec t is known as 
" l imb darkening". A comparat ive study of the centre and edge of 
the disk can yield in format ion about the s t ra t i f i ca t ion of the 
solar atmosphere. Photographs of the photosphere show a 
pat tern of dark and br ight areas, known as granulation as shown in 
F ig . 2.5 The average size of these granulations is •'^ 700 km in 
diameter and its range is f rom / \ ^ 200 to /-\^ 800 km. The 
brightness f luctuat ion is quite small and this fac t suggests tha t the 
temperature dif ference between these granular elements in the 
photosphere is 100°K or less. Further more, their average l i f e 
t ime is ,^v'8.6 minutes and range f rom ^>- ' l to <'^ 10 minutes. 
Thus the photosphere is not bright but consists of a large 
number of granules on somewhat darker background. These 
granules are normally c i rcular in shape, though in the neighbourhood 
of sunspot they become elongated. The granules occur everywhere 
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on the photosphere and sometimes even in the 'umbra' of large 
sunspots. Besides the granules some other bright regions are also 
observed in white light on the Photosphere these are called 
'faculae' . Faculae are regions of great brightness usually greater 
than that of the Photosphere. These regions are associated with 
sunspots but sometimes they appear at high latitudes outside the 
sunspot groups. They last longer than associated sunspots. The 
faculae may therefore be regarded as raised mountains of gas rising 
above the mean level of the Photosphere. The Photospheric faculae 
and Chromospheric faculae or plages are closely associated and, in 
fact , they are the different manifestation of the same phenomena, 
at different heights of solar atmosphere. Leighton discovered 
two very remarkable phenomena on the photosphere 
1. Super granulation. 
2. 5- minute oscillation. 
The gas in the solar Photosphere tends to move collectively in a 
large scale horizontal motion. This motion is defined as super 
3 
granulation. He observed large velocity cells of (15 - 20) x 10 km 
in diameter on the Sun. These cells are also named as 
Supergranulations. The horizontal and vertical velocity of 
Supergranulation cells are ^-^0.3 - 0.5 km/sec. and 0.1 km/sec 
respectively. These supergranules typically last about a day 
before they disperse and show velocity oscillations with a period of 
about 5- minutes. 
F i g . 2.5 Solar Granu la t ion , as seen from Project 
Stratoscope. 
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2.3.2 The Chromosphere 
Immediately above the Photosphere lies the Chromosphere, 
where mainly solar flares occur. The boundary between Photosphere 
and the Chromosphere is, in general, defined in terms of visibility in 
the continuous spectrum. The Chromosphere is t ransparent and 
cannot be seen under norma! conditions. Because of the intense 
bright light emitted by Photosphere, the Chromosphere is very 
difficult to study without special instruments. The flash or emission 
spectrum which can be observed in the Chromosphere is i ts most 
important feature. It indicates that these emission lines of various 
atoms and ions are emit ted from the Chromosphere; these 
emissions are easily observed during total eclipse of the Sun. In the 
spectrum of Chromosphere, helium lines are visible, these are 
absent in the spectrum of the Photosphere. The increase of high 
excitation lines indicates that the Chromosphere has a higher 
temperature than the Photosphere. The Chromosphere is 
customarily divided into lower, middle and upper Chromosphere; the 
height of these regions are given as approximately 0 - 'fOOO km, 
'tOOO - 8000 km and 8000 - 12000 km. respectively. The 
temperature increases with height in the Chromosphere, slowly at 
first in the lower Chromosphere and changing rapidly in the middle 
and upper Chromosphere. Very li t t le of Sun's radiation comes 
directly from the Chromosphere, which being transparent 
transmits nearly all the radiations originating in the Photosphere 
Loop prominence 
Fig . 2.6 The interior and Surface of the Sun. The various 
kinds of Solar Phenomena are Schematically indica ted . 
F i g . 2.7 A v i o l e n t J laro near sotne st i tal l Sunspots 
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when the Chromosphere is viewed at the limb by using 
monochromatic filters, such as H^ ^ , the irregularity of the 
Chromosphere consisting, very largely of 'spicules' l i t t le grass like 
spikes that project against an apparantly dark background. The 
average diameter of spicule is est imated to as ,^ 1000 km. The 
temperature of the spicules varies with height; r\^ 10,000°K at 
3,000 km above the Photosphere, and 50,000°K at a height of 
<! 'fjOOO km. The spicules are denser as well as cooler to the air 
surroundings. 
In addition to spicules, plages flares, prominences e t c . takes 
place. A Chromospheric flare is short lived, sudden increase of 
intensity in the neighbourhood of the sunspots. The Chromosphere 
can be studied during an eclopse, although it is possible to use an 
instrument called a 'Coronagraph' to creat a sort of artificial 
eclipse by blocking out the light from the Sun's disc with an 
occulting disc in the instrument. The atmosphere of the Sun at ta ins 
its lowest temperature, about tt,500°K, at the base of 
Chromosphere. The spectrum of the Chromosphere reveals a 
temperature gradation from tt,500°K near the Photosphere to 
10 in the upper Chromosphere. 
2.3.3 The Corona 
The Chromosphere gradually goes over into the Corona. 
The Corona is the halo of white light which appears around the 
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Sun during to ta l eclipses. The inner Corona reaches to about 
2 solar radi i beyond the disk's edge, and can be distinguished f r o m 
the outer Corona which extends fur ther . The Corona can be 
observed in the entire electronnagnetic spectrum, f rom X-rays, through 
the visible, to radiowaves. Photographs in white l ight , taken during 
a to ta l eclipse or wi th a Coronagraph on board a sate l l i te , reveal 
that the Corona, far f rom being a spherical homogenous envelope, 
contain a large variety of structures. The most spectacular of these 
are large jets. In the t a i l , the Coronal matter leaves the Sun w i th 
supersonic velocit ies. Other character is t ic structures are prominences 
whicli appear to emanate f rom the polar regions, and del ineate 
the magnetic lines of fo rce . 3ets and prominences fa i t h fu l l y 
reproduce t l ie conf igurat ion of the Coronal magnetic f i e ld . 
Therefore, the jets a l l have the same structure. Like the outer 
Corona, the inner Corona, observed regularly in visible 
monochromatic l ight w i th ground based Coronagraphs, also appear 
strongly heterogeneous, wi th a system of loops extending to 
100,000 kilometers beyond the disks edge. General ly, the 
evolut ion of the Coronal structure fol lows that of the magnetic 
f ie ld throughout the solar cycle and is associated wi th so larac t iv i ty . 
A study of the radiat ion emi t ted by the Corona in the 
ent i re electromagnetic spectrum indicates that its temperature is 
much higher than that of the Chromosphere, i t is of the order of a 
mi l l ion degrees (10 °K). A continuous supply of energy is needed 
F i g 2 . 8 A s i m p l e v i e w of S o l a r C o r o n a d u r i n g t h e e c l i p s e , 
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in order to maintain the iiigh temperature of Corona. According to 
earlier theories, the energy comes in the form of acoustic or 
magnetohydrodynamic shock waves generated at the solar surface 
by convection. Most recently, heating by electric currents 
induced by changing magnetic fields has been suggested. The extra 
ordinarily high temperatue and very low density of the Corona are 
responsible for the strange properties. It has approximately the same 
chemical composition as the photosphere, but the atoms are highly 
ionized; they gradually lose their electrons as the temperature rises 
in the transition zone and may lose all their electrons in the 
Corona. Hydrogen and Helium are reduced to their nuclei and iron 
thirteen times ionized. Inspite of its high temperature , the 
Coronal gas is so diffuse tliat the total energy stored in it is small. 
It is constantly streaming outwards, gradually becoming a solar 
wind which carries a flux of part icles away from the Sun. The gas 
lost in this way is replaced with new material from the 
Chromosphere. Near the earth, the density of the solar wind is 
typically 5-10 particles/cm and its velocity is about 500 km/sec . 
The mass loss of the Sun due to solar wind is about 10 M 
© 
per year. The various phenomena which occur in different 
layers of the Sun are as given in table 2A. 
2A THE HELIOSPHERE 
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Table 2A 
Sun's Layer Prominent Phenomena Occuring 
(A) 
(B) 
Photosphere 
Chromosphere 
a) 
b) 
c) 
d) 
e) 
a) 
b) 
c) 
d) 
Sunspots 
Granules 
Faculae 
Super granulation 
5-minute oscillation. 
Flares 
Prominences 
Spicules 
Chromospheric granules 
(C) Corona a) Solar wind 
b) Coronal holes. 
The solar wind blows out radial ly in to interplanetary space 
but eventually both the wind and interplanetary magnetic f ie ld (IMF) 
are halted by the small but f in i te pressure exerted by in ters te l lar 
gas, interstel lar magnetic f ie ld and galact ic cosmic ray pressure 
and f inal ly seems to a t ta in equi l ibr ium wi th the interstel lar plasma 
and magnetic f ie ld . Thus the f low must decelerate because of 
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the resistance of interstellar medium. The character is t ics of this 
transition are still a mat ter of considerable speculation; current 
ideas favour a standing shock wave where the flow makes a 
transition to subsonic velocity, with a consequent heating of the 
plasma. Beyond this point the solar material slowly merges into 
interstellar gas. The boundary of solar magnetic bubble is known 
as 'heliopause' and the region within which solar magnetic field 
dominates over interstellar magnetic field is the 'Heliosphere' . 
The solar system moves through the intersteller gases at a speed of 
about '>'20 kilometers per second, so there is an ' interstellar wind' 
apparently blowing past the heliosphere and distorting it into a tear 
drop shape as shown in figure 2 .9 . The important question tha t 
still occupies cosmic ray physicists is how far into intersteller medium 
does the solar infiunce extend? Equivalently, where does the 
heliospheric boundary lie ? Gusses have been many and in the course 
of t ime, the boundary has been shifted farther and farther from the 
Sun. Currently, es t imates put this boundary at about 100-130 AU; 
in fact , it could be much less than this. An equally vital question 
is the role of the heliospheric current sheet in the cosmic ray 
modulation processes; the nature of this current sheet varies with the 
/^11-year sunspot cycle of activity. 
The tenuous magnetized plasma which const i tutes the 
interplanetary medium is the result of the instability and consequent 
expansion of the solar corona. The original theoretical model 

^ ' ^ ^ 
HELIOPAUSE 
.INTERSTELL 
MEDIUM 
POSSIBLE 
BOW SHOCK 
INTERSTELLAR MEDIUM 
MAGNETIC FIELD LINES 
F ig 2.10 A Schematic view of heliosphere and its 
in teract ion wi th the local in ters te l lar medium. 
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of the supersonic solar wind dragging out with it magnetic field lines 
from the Corona was proposed by Pari<er (1958, 1963). The 
heliospheric magnetic field, embedded in the solar wind, originates in 
the highly non-uniform magnetic structures of the solar Corona. 
According to two hemisphere model (Saito, 1975a, i986b), the 
heliosphere evolves during the course of the solar cycle. In 
sunspot minimum years, a nearly horizontal neutral sheet separates 
the heliosphere into two hemispheres with toward and away 
polarjties. Figure 2 . 1 1 . shows three dimentional view of 
heliosphere. Our concept of the heliosphere is a region 
dominated by solar act ivi ty. We now know that our earlier 
assumption of spherical symmetry of this region is invalid. 
Figure provides an ar t i s t ' s conception. The region between bow 
shock and the boundary of heliosphere (heliopause) contains the 
interstellar magnetic field (y-v^lO G). The continuous outpouring 
of solar wind at supersonic speed is anticipated to becorne 
subsonic outside the heliopause. Within the region of the 
shockfront, the magnetic field traces the so called 'Archimedean 
Spiral ' . The plasma flow is radial outside the shockfront, the 
magnetic fields are visualized as disordered and the plasma flow as 
turbulent. We anticipate outside the heliopause the flow of stellar 
wind gusts. 
It is generally assumed that Galactic cosmic ray intensity 
outside its heliosphere is essentially constant, so that observed 
Fig . 2.11 A schematic view of Three Dimensional 
cur ren t sheet. 
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variations in cosmic ray intensity are due to IMF and supersonic 
solar wind which carries the magnetic f i e ld . The problem is to 
determine the basic conf igurat ions of interplanetary f lows and 
f ie lds, to understand the radial and temporal evolut ion of these 
configurations and to relate these configurations to cosmic ray 
variat ions. However, Hannes Al fven holds a contrary v iew. He has 
suggested the possibil i ty of a local or igin for cosmic rays 
(A l fven, 1959) with the except ion of the highest energies. Thus 
the question whether cosmic radiat ion is a galact ic or a local 
phenomenon needs to be examined w i th an open mind (Kr imig is 
and Venkatesan, 1988). The cosmic rays on the other hand 
provide indirect , integral measurements of global conf igurat ion, since 
they sample a large volume of heliosphere in a re lat ive ly short t ime 
before they are being detected. The Sun, in summary, inf luences and 
shapes the region of the interplanetary medium. In this 
region, renamed the heliosphere, physical conditions are established, 
modulated and governed by the Sun. What is the morphology of the 
heliosphere ? How does i t evolve as a funct ion of space and t ime ? 
How far into the interste l lar medium does its inf luence extend ? 
We look forward to the 1992's an interest ing epoch of in - s i tu 
measurements in unchartered regions, part icular ly in the solar 
neighbourhood. The study of t ime and spatial cosmic ray var iat ions 
in the three-dimensional heliosphere, its structure and dynamics 
is yet to emerge to i ts f u l l po ten t ia l . 
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2.5 Till- SOLAR WIND 
The solar wind is a continuous, radial , supersonic out f low 
of plasma f rom the top of the solar atmosphere. This wind, 
blown continuously by the Sun, passes the earth at an average speed 
of 'tOO km/sec. and eventual ly blends wi th the interste l lar medium 
beyond the edge of solar system. Dur ing i ts passage i t sweeps up 
evaporated gases f rom planets and comets, f ine par t ic les of 
meteor i t ic dust and even cosmic rays of galact ic o r ig in . Its 
inf luence is f e l t throughout interplanetary space and i t provokes in 
the earth's atmosphere, polar aurorae and magnetic storms. A t the 
orbi t of earth i t is observed to be composed chief ly of protons 
and electrons with a mean k inet ic temperature of approximately 
5 3 
10 °K, a mean density of approximately 10 part ic les per cm . 
Deviations f rom radial f low are small and i r regular , w i th 
transverse velocities being less than about 10 km/sec. The plasma 
is regarded "Coll isionloss" since coll ision mean free paths are 
large than relevant macroscopic length scales. The wind is qui te 
inhomogenous and turbulent , w i th its parameters exhibi t ing f luc tuat ions 
over a variety of length and t ime scales. A t more than a mi l l ion 
degrees, the l ight weight electrons in the coronal plasma have 
thermal velocit ies greater than 5,000 ki lometers per second and 
therefore^ tend to escape f rom the solar atmosphere. The 
gravi tat ional f ie ld of the Sun constrains them in the Corona 
under very high pressure, whereas the pressure in the 
interplanetary space is very low. A t a certa in c r i t i ca l a l t i tude in 
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the Corona their thermal velocities reach the escape velocity; 
above this altitude they escape radially at supersonic speeds. At 
a large distance from the Sun where the pressure of the solar wind 
is of the same order as the ambient pressure, it is possible for the 
Coronal fluid to displace the interstellar medium. This is the limit 
of heliosphere, but the way the solar wind and the interstel lar 
medium meet remains mysterious. It is not yet know whether 
the wind is stopped abruptly across a shock or if the two 
mediums Interpenetrate in a diffuse fashion. Although the Sun loses 
a million tonnes of hydrogen per second through the process of solar 
[If. 
wind. The wind would take 10 years to disperse the entire mass 
of the Sun into interplanetary space and the estimated lifetime of 
the Sun is only fifteen billion years. 
As the gas flows out from the Sun it drages with it solar 
magnetic field lines (the flow satisfies the conditions under which 
nragnetic field lines are frozen into the fluid). The kinetic energy 
2 
density of the flow, 1/2 f v , exceeds the magnetic field 
energy density, B / s ^ , so that the magnetic field stresses do not 
appreciably affect the flow. The structure of the field for a 
uniform, time independent solar wind with constant velocity V is 
readily worked out. The field may be regarded as being radial at 
some radius To near the Sun, in which case the magnetic field as a 
function of heliocentric spherical coordinates is given by 
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^ /\^J~Y^ 
(2-3) 
where -H, is the angular velocity of solar rotation (period = 27 days). 
The fluctuation in the solar wind may be conveniently grouped into 
three major categories. At the largest time and length scales 
the whole character of the solar wind may be regarded as changing 
with time. Included in this category would be the 11-year solar 
cycle related variation. Also, on a slightly shorter t ime scale, the 
solar wind tends to be emitted in fast and slow streams which 
interact with each other as a result, for example, of solar rota t ion. 
The interaction between streams is indicated in figure 2.12 . The 
second category of fluctuations may be termed transient 
disturbances which originate at the Sun and propagate out in the 
fluid. The prime example of such a phenomenon is the solar 
flare caused blast wave which propagates outwards from the Sun, 
The total energy involved in such a flare associated shock can be as 
32 large as r^ 10 ergs. The third kind of fluctuations occur 
on shorter t ime and length scales (on the order of hours or less) and 
can be associated with waves propagating outward from the 
Sun contribute substantially to the observed fluctuations. The solar 
wind provides a nearby laboratory where many complex astrophysical 
phenomena can be studied in situ, through the use of space probes. 
It also is the medium through which many effects of the Sun get 
transported to the earth and hence is of considerable importance to 
our environment. 
Field out 
Seclof 
Boundary 
XMoqnclic 
\ Field in 
Fig. 2.12 Schematic i l l u s t r a t i on of the Solar wind in the 
Solar Equator ia l plane. The Sun rotates counterclockwise and 
twists the In terp lanetary magnetic f i e ld (IMF) into a S p i r a l . 
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Table 2.5 Observed properties of Solar wind and its variability at 1 A-U. 
Characterist ics Average (quiet period) Variability 
275 - 800 km/sec 
-8°E to tS-'W 
1 - 50/.cm^ 
(3 X lo'^ - 5 X 10^)°K 
°K (1 - 2 X IO^)°K 
Magnetic field 5 T 2 - 1 2 
(1 r = 10"^ Gauss) 
Flow speed 
Flow direct ion 
Proton and electron 
density 
Proton temperature 
Electron temperature 
320 km/sec 
1.6°E of Sun 
8/.cm^ 
tt X lo ' ' ' 'K 
(1 - 1.5 X 1 
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Table 2.6. General Quiet-time Solar Wind Parameters 
(after lliindhnuson, 1970) 
Parameters Average Quiet-t ime values 
1. Flow speed 
2. Density 
3. Total mass loss 
ih. Proton Temp. 
5. Proton thermal anisotropy ratio 
6. Electron temperature 
7. Magnetic field strength 
8. Kinetic energy flux 
9. Heat conduction flux 
10. Kinetic energy density 
11. Proton thermal energy density 
12. Electron thermal energy density 
13. Magnetic field energy density 
lU. Composition 
320 kmS~^ 
8 cm~^ 
12 -1 1.2 X 1 0 ^ gS 
tt X lo''°K 
2 
(1-1.5 X 10^)<'K 
5 X 10"^ G 
0.22 erg c m ' ^ S'^ 
-2 -1 
0.01 erg cm 5 
-9 -3 
7 X 10 erg cm 
6 X 10 erg cm 
n^ 1.5 X 10 erg cm 
10 erg cm 
96% protons, ^% oC -part icles, & 
minor consti tuents. 
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2.6 THE SUNS POTS AND THE SUNS POT CYCLE 
The clearest visible sign of solar activity are the 
Sunspots. The existence of Sunspots has been known for long, 
since the largest ones can be seen with the naked eye by looking 
at the Sun. Sunspots are magnetically concentrated cool regions 
located within the photosphere. Their dark shade is due to their 
relatively low tennperature (Gibson, 197^) in relation to that of 
surrounding gas. The magnetic field, which becomes increasingly 
important higher in Sun's atmosphere, probably plays a key role in 
setting off eruptions. But how and where is it created, is not 
known fully. In the heart of this enormous (2 x 10 kg) rotat ing 
sphere of gas, moving electrons and protons give rise to an 
electr ic current which induces a magnetic field, the Sun behaves 
like a giant dynamo. A sunspot looks like a ragged hole in the 
solar surface. In the interior of the spot is a dark 'umbra' and 
around it a less dark 'penumbra' as shown in f i gu re 2 .1 ' f ,2 .15By 
looking at the spots near the edge of solar disk, it can be seen tha t 
the spots are slightly depressed with respect to rest of the 
surface. The temperature of 'umbra' is of the order o f /^ 'f300° K 
and that of 'penumbra' is of the order of /^ 5000°K, which 
explains the dark colour of spots. The diameter of a typical sunspot 
is about 10,000 km and its life time is from a few days to 
several months, depending on the size. The larger spots are likely 
to be more long lived. Sunspots often occur in pairs or in 
large groups each member having an opposite magnetic polarity. 
F i g . 2.13 The photograph of photosphere showing Sunspots. 
(a) 
PENUMBRA 
Fig. 2.1'J (a) Drawing of a Sunspot showing Unbra and 
Penumbra. 
(b) Sunspots general ly occur in pa i r s , w i th 
magnetic f ie ld lines emerging from one Spot and enter ing the 
other. 
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A more detailed study also demonstrates a change in field 
direction at the poles during solar maximum. By following the 
motions of the spots, the period of rotation of the Sun can be 
determined. The variations in the number of sunspots have been 
followed for almost 250 years. The frequency of spots is 
described by the Zurich sunspot number Z or Wolf number, which 
is expressed by 
Z = C(S + 10 G) ^^-tf) 
where 5 is number of spots and G, the number of spot groups, 
visible at a particular t ime. C is constant depending on the 
observer and, the conditions of observation. The yearly mean of this 
wolf number shows a cyclic variation of about 11 years. This 
period is defined as the 'Solar Cycle' or 'Solar activity cycle ' , 
figure 2.16-when we consider the change of magnetic polarity 
distribution pattern for the sunspot magnetic fields, the period 
of solar cycle becomes 22 years, figure 2.18 
The Sunspot Cycle 
The magnetic fields in sunspots are measured on the basis 
of the Zeeman effect and may be as large as 0A5 tesla; (the 
ear th ' s magnetic field is 0.06 mT). The strong magnetic field 
inhibits convective energy transport, which explains the lower 
temperature of spots. The periodic variation in the number of spots 
reflects a corresponding variation in the magnetic field. The 
F i g . 2.15 A p a r t of the Sun p h o t o g r a p h e d s h o w i n g l a r g e 
Sunspo t . The Umbra and Penumbra are c l e a r l y seen . 
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Fig . 2.16 The 11 - year Sunspot Cycle. 
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migrat ion of sunspots and their recurrence at eleven and 
twenty - two year intervals is explained as fo l lows. 
A t sunspot maxinnum, most spots occur about 35 degrees 
north or south of the equator. Then, as the cycle progresses, the 
spots are seen closer and closer to the equator. By the t ime they 
reach the equator, the cycle is at minimum and new spots are seen 
to fo rm again at greater la t i tudes. I f we plot the locat ion of spots 
as t ime goes by, we get a pat tern called butterfly diagram, 
f igureZ. 17for obvious reasons. I t is important to point out that a 
given spot does not move f rom higher to lower lat i tudes, instead, the 
diagram tel ls us that as t ime passes and old spots die out , new 
ones fo rm closer to the Sun's equator. A fur ther interest ing 
feature of the 11 year cycle is that during one cyc le , the eastern 
most sunspot of each pair in a given hemisphere of the Sun is a 
north magnetic pole and the western a south pole. In the other 
hemisphere, the opposite is t rue. Then during the next cycle the 
pat tern reverses, with the eastern sunspot in that hemisphere 
being a south pole. From one cycle to another, the general 
magnetic f ie ld of the Sun also reverses. Thus the ent ire magnetic 
cycle of the Sun has a 22 year period rather than an 11 year one. 
A modern hypothesis explains the existence of sunspots 
and their 11-year cycle as being due to patterns of magnetic f i e ld 
lines wi th in the inter ior of the Sun. I t is thought that the 
groups of these lines f o rm 'Tubes' threading through the Sun. 
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Fig . 2.18(a) Sunspot po lar i t ies in the Northern and southern 
hemispheres. Notice that the po lar i t ies of the lead ing and 
t r a i l i n g spots are reversed in the Northern and southern 
hemispheres. (b) Eleven years la ter , the po lar i t ies in 
each hemisphere are reversed, compared to the f i r s t d r a w i n g . 
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When the 'tubes' first form, they are relatively straight and hurried 
deep within the Sun as shown in figure (a). The differential 
rotation of the Sun, however, causes tlie lines to wrap around 
the Sun as shown progressively in figure (b and c). As the ' tubes ' 
become more and more twisted around the Sun, they are forced to 
the surface. When they break through we see a pair of 
sunspots, one with a north magnetic pole and one with a south 
magnetic pole. This breaking through the surface causes the lines to 
weaken and die out at the same t ime as more lines are forming 
deep within the Sun. Detailed analysis shows that such a chain 
of events would cause, the magnetic field direction in the 
' tubes ' and therefore the magnetic field of the entire Sun, to reverse 
in direction, when new lines are formed. This model though 
hard to imagine, does fit the observations. The strong polarity 
at the poles produces regions of open field lines with a 
hypothetical low electron density, are identified as coronal holes, 
associated with high speed solar wind streams. 
2.7 SOLAR FLARES 
Perhaps the most spectacular thing that ever happens on 
the Sun is the solar flare. They release vast amount of mat te r 
32 33 
and energy (upto 10 - 10 ergs) in a relatively short period. 
Solar flares are complex transient excitations of the solar 
atmosphere above magnetically active regions of the surface 
7 * 
involving enhanced thermal and radio emission, hard X-rays, 
cosmic rays and plasma eject ion (Sweet, 1969). They are mostly 
observed in H lines ( A = 6563 A) by star l ike brightening which 
occur within a plage area. Flares generally tend to occur near 
quickly developing spots in act ive regions due to cataclysmic release 
of energy f rom sunspots, where the magnetic f ie ld is strong and 
is highly stressed and of unstable conf igurat ion. The f lares take 
place much higher in solar chromosphere and/or corona. I t is 
basically a chromospheric phenomena and is, therefore, o f ten 
called a chromospheric f la re . Occasionally i t reaches up into the 
solar corona. Flares are of ten fol lowed by the emission of 
radio waves. X-rays, u l t rav io le t , in f rared rays and of part ic les such 
as solar cosmic rays and energetic storm plasmas. Flare occurance 
frequency is highest in the period when sunspot groups are most 
act ive and occupy the largest area during their l i f e . 
The development of solar f lares as seen in H lines is 
described as fol lows: at f i rs t , very small br ight spot appear 
over or near the sunspot groups. A t this t ime the spots are so 
dark that they are of ten lost in the background f ie ld . Sometimes 
the brightness suddently becomes intensi f ied for the next few 
10 seconds and the brightening area expands hor izontal ly . With in 
a few minutes after the appearence of f i r s t bright spots, the 
increasing rate of brightness as seen in H^^ lines attains the 
maximum. The high rate remains for 2 to 3 minutes. This per iod 
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is called "explosive phase" or "flash phase". This phase is 
closely related to the most energetic phenomena such as generation 
of energetic particles. Several optical phenomena are associated 
with solar flares such as, activation and disappearance of 
filaments, matter ejection from flare regions, wave disturbances 
and loop prominences. Apart from optical phenomena, radio bursts 
of spectral type II, III, IV and V are generally radiated with solar 
flares of large importance. X-ray bursts associated with solar f lares, 
in general, consists of hard and soft X-ray emission. There are 
several geophysical phenomena associated with solar flares e.g.. 
Sudden Ionospheric Disturbances (SID), Polar Cap Absorption (PCA), 
Energetic Storm Plasmas and the development of the typical Earth 
Storm. During certain solar flares a burst of particles of low 
energy (< 100 Mev) also sometime of high energies {>, 1 Gev) are 
produced. 
Solar flares are classified according to their area and 
brightness of H^ radiation. They are presently classified in four 
classes of increasing importance I, 2, 3 and 3 . Solar flares smaller 
than the flare of importance I are often classified as solar flares of 
importance 1. The class 3 has been introduced mostly for its 
terrestial effects as its solar quality does not differ much from 
that of class 3. The class 1 flares, known as microscopic or 
subflares, are large in number and of short duration. They can 
be observed only when the instrument has a sufficient angular 
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resolving power. The importance of solar f lares which produce solar 
cosmic rays of Bev energy usually 3 or 3 . Character ist ics of 
these classes are summerised as below -
Table 2.7 Classification of Solar flares. 
Importance Width of Area, Area Percentage 
line in A° Mi l l ionth Square Occurrence 
of visible degrees 
hemisphere 
1 1.5 100 2.06 
1 3.0 100 - 250 2.06 - 5.15 92A 
2 k.5 250 - 600 5.15 -12.^* 7.0 
3 8.0 600 - 1200 12.^ f - 2^.7 0.5 
3"^  15.0 > 1200 > 2'/.7 0.1 
The frequency of occurence of d i f ferent types of f lares indicate that 
smal l f lares are very numerous and occur almost everyday. 
However, these do not have large impact in the interp lanetary 
medium. A t higher energies, the solar f lares of higher importance 
normally produce a host of phenomena such a emission of sof t 
thermal and hard non-thermal X-rays and corpuscular radiat ions 
such as solar cosmic rays and a dense plasma cloud. Thus the 
Sun is an emit ter of energetic part ic les which cause various 
electromagnetic disturbances in the earth's upper atmosphere. 
The enhanced bombardment of solar cosmic rays into earth 's 
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upper atmosphere is able to destroy the ozone layer extensively 
during the period while the solar activity is unusually high. In 
association with the enhancement of the solar activity, the ear th ' s 
environmental conditions, therefore, have been strongly controlled 
by the variability of solar activity. 
Even with the accumulation of huge amount of flare data , 
no consistent flare theory is available to account for the enormous 
build up and release of energy. There are observations where new 
flux emerged before the flare (Rust and Rene Roy, 1975) and 
there are also observations where a decrease in longitudinal 
magnetic flux was noticed after the flare. So in one way or the 
other the upper atmosphere and therefore interplanetary space 
are being affected by solar flares. Thus the study of solar^^jajia^ is 
important for a number of space applications. r/sS^ '^l 
2.8 INTERPLANETARY MAGNETIC FIELD (IMF) sj^^>; ^ 
The interplanetary magnetic field (IMF) is an integral par t 
of solar wind and is generated out of photospheric field extended 
outward by the expansion of the plasma. Our knowledge of large 
scale properties of IMF began with the work of Parker in 1958. 
He considered the .'frozen in' magnetic field configuration of the 
interplanetary space i.e. the field lines are constrained to move 
with plasma flow. The field lines thus follow the stream line 
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of the plasma, which for a rotatory Sun and radially flowing solar 
wind is the 'Archimedean spiral configuration' shown in figure 
2.21 The spiral field pat tern corota tes with the Sun with the 
solar rotation period of 27 days. The condition for corotation 
on this picture is 
where W is the average velocity of solar wind. The Archmedean 
spiral angle can be written as 
tan ^ = w/_n.r (2 -5 ) 
where 'w' is the angular velocity of solar rotation and t' is the 
heliocentric distance from the Sun. This angle is referred as 'garden 
hose angle' and is defined as the angle between the spiralling 
corotating field lines and Sun-earth line at a certain position 
in space. The quantity ~fi-i is linear velocity that corresponds to 
rigid body solar rotation at earth and approximatelyW»<t30 km/sec . 
If solar wind velocity W = ii-30 km/sec, the IMF line near the 
earth should make an angle of i^5° or 135° with radius vector . 
Direct measurements from space crafts show that IMF can be 
influenced by the solar activity. Wilcox and Ness (1965) and 
Wilcox and Colburn (1970) illustrates evolutionary changes of 
the IMF in the form of well defined 'sector s t ructure ' , figure 2 . 2 0 
The IMF seems to be well ordered into sectors with magneticfield 
being predominantly away from the Sun (positive) and towards 
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CORRELATION/; 
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O B S E R V E R ' ^ ^ ' ^ 
SENSE OF SOLAR 
ROTATION 
SMALL SCALE 
IRREGULARITIES 
NOMINAL 
ARCHIMEDES 
SPIRAL 
F i g , 2.21 The A rch imedean S p i r a l C o n f i g u r a t i o n of the 
i n t e r p l a n e t a r y magnet i c f i e l d . K i nks i n the magne t i c l ines of 
fo rce show the presence of sma l l sca le i r r e g u l a r i t i e s i n the 
I M F . The S p i r a l is assumed for a f l ow v e l o c i t y of 'fOO km/sec 
w h i l e the Sun ro ta tes w i t h a p e r i o d of 27 - d a y s . 
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the Sun (negative). The existance of sector structure in IMF 
during the period of maximum solar ac t i v i t y has also been 
established (Wilcox and Colburn, 1970). However, the sector 
structure is quasi-stationary w i th the rise of solar ac t i v i t y , sometimes 
changing even wi th a period of only few minutes. The Archimedean 
spiral generally showed a pat tern of four sectors. The close 
association between magnetic structure and solar wind has been 
found. The sector structrue as shown in f igure 2.20 is found to be 
stable over several solar rotat ions. The e f fec t of magnetic f ie ld 
sectors and its boundary (the reversal of magnetic f ie ld) on cosmic 
ray anisotropy, geomagnetic f ie ld and solar ac t i v i t y has been 
reported since long (Swison, 1969, Nigam et a l 1978). The spiral 
structure of IMF is also conf i rmed by the solar cosmic rays 
ar r iv ing in i t ia l ly in a d i rect ion making an angle- w i th the Sun- ear th 
l ine. The in i t ia l fast build up of solar cosmic ray intensi ty, soon 
af ter a f lare and subsequent isotropisation of the radiat ion led 
Mayer et al (1956) to suggest a part ic le re f lec t ing boundary 
around 2-5 A .U . Such a boundary is expected to occur as the 
solar wind dissipates and merges wi th interstel lar magnetic f i e l d . 
The e f fec t of sector structure on short term cosmic ray 
var iat ion have also near the earth revealed a complex 
microstructure which include several types of hydromagnetic waves 
and discontinuit ies. The hydromagnetic discontinuit ies are fast 
shocks, slow shocks and rotat ional discontinuit ies and tangential 
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discontinuit ies. Most of the discontinuit ies are character ized by 
changes in the magnetic f ie ld d i rect ion wi th l i t t l e or no change 
in magnitude. The slow decay of solar cosmic radiat ion suggests 
a dif fusion of the radiat ion w i th a slow leakage at the boundary. 
This again results f rom the existence of the magnetic i r regular i t ies 
in the interplanetary spacehave been studied (Duggal and Pomerantz, 
1977, Nigam et al 1978). They have reported that there is a 
reduction in the flux of cosmic ray part icles f r om 1 to 5 days 
af ter the boundary sweeps past the ear th. The most extensive 
measurements have been made on the IMF series of satel l i tes and 
Mariner and Pioneer space probes (Ness, et al 1966). Cover the 
long period (1962-76), though w i th a number of data gaps of short 
and long durat ion. From the IMF data, i t has been found that 
superposed on this large scale ambient f i e ld , there is a continuous 
distr ibut ion of small scale i r regular i t ies of 'k inks ' . The average 
5 8 
scale size of these i r regular i t ies near the earth is 10 - 10 km . 
F i g . 2.20 A Schematic view of the Sp i ra l Structure in the 
ec l ip t i c plane of the in terp lanetary magnetic f i e l d . 
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CHAPTER - III 
TIME VARIATION OF COSMIC RAY INTENSITY 
3.0 INTRODUCTION 
The study of cosmic ray intensity variations have been 
carried out with data registered by ground based and ballon-borne 
equipment for the last 50 years or more. The observation of 
cosmic radiation using ground based instruments, over long 
periods of time and at several locations was undertaken by 
Compton (1935) and Forbush (1957, 1958). They used the 
ion-chambers, which detected the secondary radiation produced in 
the atmosphere by the primary cosmic radiation incident at the 
top of the atmosphere. It was observed by Forbush that the 
intensity of the radiation varies with t ime at each location. 
The variation of cosmic rays has been studied using neutron 
monitors at sea level and at mountain al t i tudes. (Dor man, 1963). 
These neutron monitors again de tec t the secondary radiation 
produced in the atmosphere by the primary radiation, consequently 
neutron monitors do not respond to primary particles with energy of 
a few hundred Mev or less. Instruments borne on balloons and 
satelli tes are therefore, being used to detect directly the low 
energy radiation and detorriiine their secular variation (Webber, 
1967). The International Geophysical Year (IGY) from July 1957 to 
8'l 
December 1938 gave an impetus to global collaborations, A 
world wide network of concerted measurements became available 
with the advent of space age. In - situ measurements by satel l i te 
borne-detectors led to deep space exploration. The space craf t 
Pioneers and Voyagers, during the last 18 years, traversing farther 
out into heliosphere at increasing radial distances from the Sun 
have changed the study of t ime variations into one of t ime and 
spatial variations. The investigation of galactic cosmic ray 
intensity variations from in - situ measurements deep in the 
heliosphere in distance, latitude and over solar cycles is indeed a 
remarkable achievement. The above studies thus have shown the 
existance of several types of variation of primary radiations over 
different time scales. It is generally accepted that the cosmic 
ray intensity is isotropically incident on the heliopause and tha t most 
of the cosmic rays are galactic in origin, with the Sun emit t ing 
cosmic ray particles occasionally. The Sun and the interplanetary 
magnetic field exert a profound influence on the radiation. It causes 
them to undergo deviation from isotropy and change of energy 
spectrum as well as intensity. The observed cosmic ray intensity 
variations are customarily divided into two categories. 
A. Periodic Variations 
1. Daily variation (Diurnal and semidiurnal variation). 
2. 27-Day variation. 
3. 11-Year variation. 
^. 22-Year variation. 
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B^ . Non-Periodic Variation 
1. Solar flare increases. 
2. Forbush docreases. 
These important variations are also categorized into two 
classes according to following scheme: 
1. Isotropic and t ime dependent variations 
a) The 11-year variation. 
b) The 27-day variation. 
c) Solar flare increases. 
d) Forbush decreases. 
2. The anisotropic (or Spatial) variations 
a) Solar diurnal variation. 
b) Semi-diurnal variation. 
c) Large anisotropics associated with solar flare increases. 
d) Large anisotropies associated with forbush decreases. 
3.1 ISOTROPIC (TIME DEPENDENT) VARIATIONS 
3.1.1 The 27-Day Variation 
The 27-day recurrence of magnetic storms is well known 
phenomenon. The 27-day period is a consequence of the rotat ion 
of the Sun. It is correlated with the transits of sunspot groups 
S6 
serviving for more than one Sun rotational period. The 27-day 
recurrent changes in cosmic ray intensity, which are not associated 
with solar flares, are closely correlated with recurrent (M-regiorv) 
geomagnetic storms. There is an apparant correlation between 
Forbush decreases and magnetic storms which can be regarded as 
an indication that both these phenomena possess the same recurrence 
tendency. However, during the period of high solar activity cosmic 
ray storms (CRS) become very frequent in their occurance and 
sometimes several storms superiniposed one upon the another 
and form a complicated pat tern therefore, it becomes difficult to 
t race any regular interval between the events. 
The 27-day recurrent decrease is a quasi-permanent 
phenomenon and shows close correlation with enhanced A= 5303 A° 
emission from active regions (Mori, et al 196'f and Pathak, 1969). 
The period of recurrence was observed to vary from 27-days to 
30-days (Venkatesan, 1958). A number of investigators have shown 
that almost all the Forbush decrease are associated with 27-day 
recurrent solar rotating corpuscular stream emanating from act ive 
regions of solar disc (Ballif and Jones, 1969; McDonald and Desai, 
1971 and Bemalkhedkar e t al, 1973). The variation in the period can 
be explained by the point of solar rotation. In the beginning 
of a new cycle, the first sunspot appears at comparatively higher 
lati tudes resulting a longer interval of recurrence compared to 
the case when sunspots are at lower lati tudes. The amplitude 
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of 27-day variation of neutron rotiiponont at ininitiiutn solar 
activity has been observed to be 3%, whereas for the years of 
minimum solar activity it is observed to be 0.5% only. This 
result has supported the results of Mayer and Simpson (195'f) 
concerning the large changes in amplitude of 27-day variation of 
cosmic ray intensity with solar activity. Freon (1962) investigated 
that the 27-day variation of nucleonic component, during 1956-1959 
has a constant period equal to (27.'f jf 0.06) days. The harmonic 
coefficients of the 27-day Fourier expansion of the daily average 
values of neutron component of cosmic rays measured at Washington, 
Norikura, and also the solar radio flux of frequencies 3750, 
9'fOO MHZ at Toyokawa have been studied. It has been found tha t 
the amplitudes and times of maximum of the 27-day and 13.5 day 
variation for both cosmic rays and solar radio flux change from 
t ime to t ime. As a rule, some delay exists between the t ime of 
maximum of the amplitudes of the 27-day variations of cosmic rays 
with respect to the t ime of maximum of the amplitudes of 
27-day variation of solar radio flux. The differential energy 
spectrum of the 27-day variation of the neutron component of 
cosmic rays was found to have the form of power spectrum with an 
exponent which changes its value from year to year. The 
investigation of 27-day variation of cosmic rays and its dependance 
onsolar activity has been used as a method for studying the 
electromagnetic conditions in the vicinity of the Sun, which is varying 
with a period of synodic rotation of act ive regions on the Sun. 
Solar radio flux 
3750 MHz 
Solar radio flux 
9400 MHz 
Washington 
I I J I l__J I I I I L_ 
1959 60 61 62 63 64 65 66 67 C8 69 70 
YEARS 
F i g . 3.1 Time Var ia t ion of Amplitudes of the 27 - day 
Var l a t i on . 
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Some interplanetary and terres t ia l phenomena shows variations with 
synodic rotation period, surii as 27 and 28.5 days. The periodirity of 
cosmic ray intensity is l<nown exactly, owing to its modulation in 
interplanetary space but it is about 27-days (Bishara, 1988; Attolini^ 
et al 1981) that the 27-day wave has a period of 28.5 days with 
small amplitudes around the solar minimum and a period of 27.5 
days and large amplitudes around solar maximum. 
To study the 27-day variation of cosmic ray intensity and 
its dependence on solar activity the daily averages of the nucleonic 
component of cosmic rays measured at 1.2'f GV and 11.39 GV 
during period from 1958 to 1959 has been used. The average daily 
values of solar radio flux at two frequencies 3750 and 9^00 MHZ 
observed at Toyokawa during the same period have been used as 
solar activity parameters (Rishara, 1988). The results obtained are 
presented in figure 3-1 A good correlation of the 27-day 
amplitude of the cosmic ray intensities with the solar act ivi ty 
parameters can be clearly seen. 
3.1.2 The /^^ 11-Year Variation 
Solar wind expands and flows continuously from the Sun into 
interplanetary medium; the magnetic field associated with it 
varies both in time and space according to solar conditions. The 
cosmic rays, being charged part icles, are affected by the magnetic 
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f ie ld variations. On the scale of years, two prominent variat ions 
in cosmic ray intensity are those related to the r\^ 11-year 
period of solar act iv i ty revealed by the sunspot number and the 
'^22-year period of solar magnetic polar i ty cyc le . Let us now 
discuss the ' " ^ 11-year var ia t ion. Observations over several 
decades have revealed that the cosmic ray f lux is modulated 
by the 11-year solar cycle of sunspot ac t i v i t y , reaching a 
maximum during the quiet period of solar cycle and a min imum 
near the peak of solar ac t i v i t y . Forbush (195^^) demonstrated for 
the f i r s t t ime that the sunspot cycle and the cosmic ray intensi ty 
var iat ion are ant icorre lated. Thus sunspot cycle and cosmic ray 
intensity are establishing an inverse relationship (Forbush, 195^^; 
Pomerantz et a l , 1958, a, b). Various parameters have been 
used' to define the solar ac t i v i t y to derive their e f fec t on cosmic 
ray intensity and to determine the physical mechanism of the 
solar modulation of galact ic cosmic rays. The results f r om a 
large amount of data concerning the r ig id i ty dependence of long 
term variations indicate that the low energy component of 
cosmic rays shows the highest solar cycle modulat ion, whi le the 
part ic les wi th r ig id i ty > 15GV seem to remain comparat ive ly 
unaffected and even during minimum solar a c t i v i t y there exists a 
residual modulation of cosinic ray intensi ty . The modulat ion is 
dependent on P p (where ' v ' is the veloci ty of the par t ic les, ' c ' i s 
the velocity of l ight and V is the r ig id i ty ) for r ig id i t ies > 0.5 GV, 
while for the r ig idi t ies < ^.5 GV the modulation is dependent on 
P«gonly. 
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The explanation of this effect is that during the act ive 
period of solar cycle, more solar events pull more of the solar 
rragnetic field into the interplanetary space and prevent the 
galactic cosmic rays from reaching the earth and therefore, the 
cosmic ray intensity at earth is depressed. The 'convection-
diffusion' theory proposed by Morrison (1956) and Parker (1958) 
which was later modified by (Gleeson and Axford, 1967, 1968; Fisk 
and Axford, 1968, 1969; Jokipii, 1967; Jokipii and Parker, 1967, 1968; 
Skadron, 1967) on the basis of pioneering work done by the 
Parker (1965, 1966) taking energy losses and adiabatic deceleration 
into consideration, was found successful in explaining 
experimental observations for particles >y 100 Mev. According to 
Parker the IMF frozen into the solar wind tends to convect the 
particles rndially oiitwnrd at solnr wind velocity, with the result, 
a positive outward radial density gradient of cosmic rays sets the 
cosmic ray particles to diffuse into the solar system through the 
rragnetic field and this at tains a steady s ta te when the outward 
convection of particles is balanced by the inward diffusion. For 
a symmetrically expanding solar wind carryig with it magnetic 
field irregularities of uniform statist ical distribution, the number 
density of cosmic ray particles (number of particles per unit 
volume) of energy E in a steady s ta te at any radial distance ' / j ' 
from the Sun is given by 
R 
J (v^  /k)d/t] U (;z,E) = U^ (E) exp [- ) , M (3 -1 ) 
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where U (E) is the number density at a radial distance 'R' f rom the 
o 
Sun beyond the modulating region, 'v ' is the solar wind veloc i ty and 
'K ' is the isotropic di f fusion coef f ic ien t . This model has been 
further improved by a number of workers taking into account of 
various other factors such as 
1. The adiabatlc energy changes due to non-zero divergence of 
solar wind veloci ty (Parker, 1965; Gleeson and Ax fo rd , 1967; 
Singer et al 1962). 
2. Anisotropic dif fusion due to non- f luctuat ing (average) 
component of IMF (Parker, 1965; Ax ford , 1965). 
3. .Relationship between dif fusion tensor and the magnetic f ie ld 
power spectrum (3okipi i , 1966, 1967; Hasseimann and 
Wibberentz, 1968; Roelof, 1968). 
Modulaion of cosmic radiat ion in interplanetary space is 
t ime dependent. I t seems however, that the maximum modulat ion 
occurs, not at the t ime of maximum sunspot number, but about 
one year later . In f ac t , there is a general lag in the 
modulation all through the solar cyc le . This 'hysteresis' was noted 
by Simpson (1963). This hysteresis is a t t r ibuted to the transport 
of the solar inf luence' to the modulating region which is thought 
to be much beyond the earth's orb i t . The I I - yea r var iat ion of 
cosmic ray intensity described above demonstrates the decrease 
of part ic le intensity w i th increased solar ac t i v i t y . This means 
that the part ic le intensity observed near the earth is smaller 
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than that outside the solar system implying thereby a continuous 
decrease of Intensity or a space gradient f rom the edge of 
solar system towards the ear th . Chih and Lee (1986) applied the 
perturbat ion approach to the study of long term modulat ion, which 
they at t r ibuted to arise f rom the 11-year var iat ion of the 
spatial diffusion coef f i c ien t ; this then propagated outwards f r om 
the Sun through the heliosphere. From their analysis they could 
reproduce the hysteresis e f fec t and outward propagation of the 
recovery. Perko and Flsk (1983) presented a t ime-dependent model 
of cosmic ray modulation neglect ing the transport in heliographic 
lat i tudes and the d r i f t s ; note the var iat ion was assumed to 
result f rom changes in the number df enhanced cosmic-ray 
scatter ing regions ( i .e. regions of decreased dif fusion coef f ic ients) 
which resulted f rom f lare-generated shock waves in the solar 
wind. Their model reproduced some main features of solar cyc le 
var iat ion in cosmic ray in tensi ty , e.g., outward propagation of 
intensity decrease, hysteresis e f f ec t , and the radial gradient . This 
model was later applied by Perko (1987) to demonstrate the various 
features of modulation at large distances in the heliosphere. 
But their model fa i led to Include the evolut ion of disturbances 
during their outward propagation. 
Effects of f ields and f lows observed in the inner and 
outer heliosphere had been extensively studied by Burlaga et a l 
{\9S.it, 1985, 1986a, b, 1987) and Perko and Burlaga (1987). The 
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study of the interact ion among transient (Hakamada and Akasofu, 
1982; Akasofu and Hakamada, 1983; Akasofu et al 1985b) have 
simulated the effects of a sequence of f lare-generated shocks 
which reveal how the IMF gets disturbed f rom i ts pre-exist ing 
state, both in the inner and the outer heliosphere. The 
resulting nearly spherical shells contain the compressed f i e ld 
which acts as a barrier to the cosmic rays. The large heliosphere-
wide modulation of cosmic rays in mid-1982 was studied by Cl iver 
et al (1987), who considered the solar sources of large decreases 
observed at the earth. They concur wi th the view of Burlaga et a l 
(198't) and Akasofu et al (1985b) of an outward propagating shell 
composed of interact ing coronal mass eject ions, shocks and streams; 
these sources of solar ac t i v i t y persisting for an extended period 
(two or more rotations) at e f fec t ive ly as a barrier to block 
incoming cosmic rays. 
The studies of Agrawal et al suggests t l ia t the solar 
hemisphere wi th the larger polar coronal hole inhibi ts the cosmic rays 
more; this has been a t t r ibu ted to the increased outward 
convection of cosmic rays produced by high speed solar wind 
streams associated w i th the larger area coronal hole. 
3.2 ANISOTROPIC (SPATIAL) VARIATION 
As the earth spins on its own axis wi th a period of 
20- hours (or a day), consequently, a ground based detector on 
9* 
the earth scans the ent ire celest ial sky. II anisotropy of galact ic 
cosmic rays exists in the interplanetary medium, i t w i l l be 
observed as daily var iat ion of cosmic ray intensi ty. I t has been 
observed that the daily var iat ion consists of mostly l inear 
gradients, constant rate of increase or decrease per hour which 
ends up in sharp or broad maxima or minima (source or sink) 
whose origins l ie outside the geomagnetic f ie ld . There is no 
major dependence of daily var iat ion on solar ac t i v i t y , except 
that phases are sharper in quiet Sun period. In addit ion to ground 
based detectors, such as neutron monitors and meson telescopes, 
the daily variat ion of cosmic ray intensity have also studied by 
low energy detectors f lown in high a l t i tude balloons, rockets 
and space probes and also by high energy underground detectors . 
The ground based detectors respond to pr imary cosmic ray 
part ic les of energies f rom r^ 1.5 Gev ( l imi ted by the atmosphere) 
to a few hundred Gev i.e., the ground based detectors record the 
anisotropies in interplanetary space in the energy range f r o m 
r\/\..^ Gev to a few hundred Gev. Brunberg and Dattner (195^*) were 
the f i rs t to at t r ibute the diurnal var iat ion observed at ground 
based detectors to an excess of cosmic ray part ic les ar r iv ing 
f r om asymptotic direct ion 1800 hours local t ime . The ampl i tudes 
and hours of maxima of a daily var iat ion show large f luc tuat ions 
f r om day to day and is studied: 
1. By resolving the daily var iat ion into various harmonics and 
studying the ampli tude and hours of maxima of d i f f e ren t 
95 
harmonics. On an average basis only three frequencies e.g., 
one cycle per day (or diurnal variation), two cycles per day 
(or semi-diurnal variation) and tiiree cycles per day (or tridurnal 
variation) are observed. 
2. The harmonic components higher than three cycles per day 
in cosmic ray neutron and meson data have not been 
reported so far. 
3. By studying the deviation of the individual hourly or bihourly 
values from the daily mean value. 
4. In particular, studying the actual hours of maxima and minima 
as well as a relation between them. 
5. By studying the actual profile of daily variation curve. 
The diurnal variation is found to be most dominant in comparison 
to other two components. The occurance of semi-diurnal variation 
also has been confirmed much earlier (Nicolson and Sarabhai, I9'*8; 
Elliot and Dolbear, 1951; Rao and Sarabahai, 1961) and its 
characterist ics has been discussed (Abies et al, 1965; Patel , et al 
1968; Lietti and Quenby, 1968; Rao and Agrawal, 1970). However, 
the tri-diurnal variation was reported later on (Mori et al 1971; 
Ahluwali and Singh, 1973; Prasad and Yadav, 1978). The subject 
has been reviewed in l i terature from time to time (Sarabhai and 
Nerurkar, 1956; Dorman, 1963; Sandstorm, 1965; Pomerantz and 
Duggal, 1971; Rao, 1972). 
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A study of the daily variation in terms of Fourier 
components (various harmonics) reveal a large number of 
characterist ics. The amplitudes and phase of daily variation 
are obtained by harmonically analysing the 2'f-hourly data 
recorded by ground based detectors . The First, Second and Third 
harmonies of Fourier expansion are obtained as Diurnal, Semi-diurnal 
and Tri-diurnal variations respectively. The characteris t ics of daily 
variation are obtained by using the data of a number of stations 
separated in different longitude belts and by applying the 
correction for geomagnetic effects (Rao et al 1963; McCracken 
and Rao, 1965). 
3.2.1 Di-urnal Variation 
From an extensive and systematic analysis of ground 
based neutron monitor data obtained from a large number of 
stations during 195'f-65, Rao et al (1963) and McCracken and 
Rao (1965) clearly demonstrated tha t average diurnal variation 
observed at relativistic energies (^ 1 Gev) can be expressed in 
the form 
where 'A' is constant found to be ,-^(0.38 +_ 0.02) x 10~ , B = 0 
and ' ^ = 89° jt 1.6° east of Sun-earth line. A is the declination 
and f^ ppgx '^ *^^ upperrigidity limit (cut-off) for corotat ion. 
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They summerized that the average diurnal anisotropy has the 
fo l lowing characterist ics: 
1. An average amplitude <~'0.38 +_ 0.62%. 
2. A t ime of maximum around 89° +_ 1.6° east of the Sun-earth 
l ine, that is, 1800 hour local t ime. 
3. Energy dependence upto an energy E / - N ^ 100 Bev. 
rn3,x 
It. Varies as the cosine of decl inat ion. The observations of many 
other investigators (Pomerantz et a l , 1962; Kane, 196^*; 
Willets et a l , 1970) are found to be in good agreement 
wi th these f indings. 
From a rigorous analysis of ion-chamber and meson 
monitor data, Forbush (1967, 1968), showed that average diurnal 
var iat ion is composed of two dist inct components ' W and ' V , the 
component ' W has its maximum or minimum in the d i rect ion 
128° east of Sun earth l ine, which is roughly the average IPMF 
direct ion and varies sinusoidally w i th per iodic i ty of 20 years and 
passes through its zero ampli tude when the Sun's polar magnetic 
f ie ld is reversed (Forbush, 1973). The other component ' V has i ts 
maximum along 90° east of Sun earth l ine and varies wi th solar 
ac t i v i t y ; shows a solar cycle dependence. Both long term and short 
term changes occur in the diurnal var ia t ion. The ampli tude and 
phase of diurnal anisotropy changes wi th a period of one or two 
solar cycles (Pomerantz and Duggal, 1971; Rao, 1972; Agrawal and 
Singh, 1975; Kumar, 1978). 
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3.2.2 Semi-Diurnal Variation 
Fourier analysis of the yearly average cosmic ray intensity 
yields a significant semi-diurnal variation in addition to diurnal 
variation. Rao and Sarabhai, 1961 have provided a reasonable evidence 
for the existance of significant semi-diurnal component of extra 
terrest ial origin. However, due to the presence of large amplitude 
of semi-diurnal pressure wave, which can introduce a pressure 
induced variation and the poor statist ical accuracy due to low 
counting rate of monitors, the existance of semi-diurnal variation of 
the cosmic rays could not be firmly established. With the 
availability of the data from Super neutron monitors having high 
statist ical significance, Abies et al (1965) conclusively showed the 
existance of semi-diurnal component of solar daily variation of 
world wide nature. The average characterist ics of the semi-diurnal 
variation can be represented by the equation. 
for R < P 
max (3 -5 ) 
JC^) _ Ag{A)R R,^ ^^^ ( 3 . ^ , 
0 for R > R 
where g(A) describes the d(>pendence of anisotropy on declination and 
'R' shows the dependence of anisotropy on rigidity. 'A' denotes 
amplitude. The value of & for each year during 1958 to 1968 has 
2 
been estimated <^1 .0 +_ 0.2 and g( A ) = Cos / \ . The mean 
semi-diurnal phase for the period 1958-1968 has been observed almost 
constant. The maximum flux coming from the direction 132 _+_ 6° 
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west (3.2 ^^ 0.0't hours) of oartli-sun lino. The tnaxitnum cut-off 
rigidity upto which semi-diurnal variation exists has not been 
est imated unambiguously, tliough R - 100 GV may be the 
best choice. 
3.2.3 Tri-diurncil Variation 
The discovery of Tri-diurnal variation was reported 
by Mori et al (1971) in the neutron monitor data by performing 
harmonic analysis and also power spectrum analysis of the 
neutron data*. They have determined tha t the average amplitude is 
0.013% and the phase 6.3 hour (L.T.) over these time intervals. 
Extra terrestial and worldwide nature of the tri-diurnal variation 
have been confirmed by Ahluwalia and Singh (1973) and Ahluwalia 
(1975). Their results may be summarized as follows. 
1. The amplitude of the tri-diurnal variation as determined in the 
data of neutron monitors and ground based and uderground meson 
telescopes for the period 1965-72 lies in the range from 
O.OOfl _+ 0.0017 to 0.027 +_ 0.0039. 
2. The annual mean amplitude of the tri-diurnal variation varies 
from year to year and clearly shows a solar cycle dependence. 
3. At low and middle latitude stations a statistically significant 
tri-diurnal variation exists apart from the well known diurnal and 
semi-diurnal variations. At polar stations only the diurnal 
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variation is statistically significant. The absence of the 
tri-diurnal variation at the polar stations indicates that the 
annplitude of the tri-diurnal variation exhibits a lat i tude 
dependence which is perhaps steeper than that indicated by 
diurnal variation. The form of the variational spectrum still 
remains to be discovered. 
^•. Tri-diurnal variation is observed with detectors having cut-off 
rigidities in the range from I GV to about 30 GV. 
To explain physically the existance of the solar tri-diurnal 
variation in cosmic rays, Fujii et al (1971) have put forward 'Loss 
Cone Model'. The model is an extension of the 'Virtual Sink' idea 
put forward by Subramanian and Sarabhai (1967), who used it to 
explain the existance of semi-diurnal variation in cosmic rays. 
The observed results of the tri-diurnal variation can also be 
understood in terms of the 'diffusion-convection' theory proposed by 
Barden (1973). 
3.3 FORBUSH DECREASES (FD'S) 
Forbush decreases are characterized by a rapid reduction 
(within a few hours) in cosmic ray intensity followed by a slow 
recovery typically lasting several days. Since their discovery 
(Forbush, 1938), these decreases have been extensively studied and 
many associated features have been clarified. Forbush decrease 
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(Fd) is an essentially isotropic phenomena and is most recognisable 
member of the family of many short term cosmic ray decreases . 
Forbush decreases are the most spectacular events in the cosmic ray 
intensity observations. Fd's are generally characterized by sudden 
decrease in cosmic ray intensity with total t ime of decrease varying 
between few hours to days. Recovery of the intensity to the 
pre-decrease level can last from few days to a week or more. 
Thus Forbush decrease are generally characterized as being large 
sudden asymmetrical depression in the cosmic radiation lasting several 
days. However, in a simple type of Fd the cosmic ray intensity 
decreases rapidly and reaches a minimum value within 6 to m-
hours (McCracken et al , 1966), followed by a slow recovery of 
several days. In general, the recovery period is large compared 
to decrease t ime. These decreases are always more prominent in 
nucleonic component than in the mesonic component. 
The study of Forbush decreases has assumed considerable 
importance, particularly with the resurgence of an earlier concept 
(Lockwood, 1960) that 'cumulative effect ' of Forbush decreases 
can account for the II~year (long term) variation of cosmic ray 
intensity (Lockwood and Webber, 198'f). Further, it was noticed 
that these intensity time variations, were independent of 
atmospheric conditions. It was originally assumed that the 
variations were produced either directly or indirectly, by 
geomagnetic disturbances, such as perturbations of the geomagnetic 
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f ie ld during geomagnetic storms. Consequently, these variat ions have 
been now proved to be of ext ra- ter rest ia l or ig in. The decrease 
in cosmic ray intensity is larger at higher al t i tudes par t icu lar ly at 
middle and high la t i tude stations. The magnitude of the decrease 
varies f rom observational threshold value ( 1%) to as iarge 
as 30%. Attempts have been made to correlate solar f lares and 
Fd's, to establish a common solar source producing both the 
geomagnetic f ie ld f luctuat ions and Fd's. But i t was found tha t 
a number of large f lares occuring at favourable locations in the solar 
disk could not produce any decrease in cosmic ray in tens i ty . 
Moreover, many a t imes, i t was found that a small f la re in 
unfavourable position produces large decrease in cosmic ray 
intensi ty, then i t was suggested that few of the Fd's which are not 
associated wi th the individual solar f lares are either associated 
w i th corotat ing streems (Vershell et al 1975) or wi th the f l a r e s 
produced in the visible port ion of the solar disk, lucci et a l , 1977. 
Duggal and Pomerantz (1977) have provided evidence on 
stat ist ical basis that major i ty of the act ive regions during 
their central meridian passage (CMP) produce these intensi ty 
variat ions, lucci et al (1979) have established that Fd's are produced 
by those flares which are accompanied by energetic type JV 
radio emission. 
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3.3.1 Characteristic of For bush Decreases 
n) The mnin Forbiish dorronso (Pd) does not nlwnys in i t in lo froin a 
normal level . Sometimes, a small decrease known as 'pre 
decrease' or a small increae known as 'pre-increase' is 
observed in the main decrease. In many instances recovery 
takes place f rom the predecrease or preincrease level before 
the onset of the main decrease, while in some cases the main 
decrease starts f rom the pre-decrease or pre-increase level . 
b) In some cases two or more decreases either in the decrease 
phase or in recovery phase, occur closely one upon the other 
forming a complex structure known as 'cosmic ray storms' 
(CRS). 
c) Most of the Fd's are. associated wi th geomagnetic storm sudden 
commencements (SSC) (Bachelet et a l , I960) and are prominent 
in nucleonic component. 
d) The magnitudes of Fd's at high lat i tude neutron monitors varies 
f rom a few percent to about 20%. 
e) Fd's are also observed In mesonic component which, in f ac t , 
indicates that the corresponding variations of pr imary radiat ion 
are not confined to part ic les belonging to low region of 
r ig id i ty spectrum. 
I0<» 
f) Fd's recorded underground (at 60 nn.w.e.), by large area 
scint i l la t ion counters, revealed an amplitude of 1.2% compared to 
k% at ground, recorded by meson telescopes. Further, the 
duration of Fd recorded underground was much shorter and the 
recovery t ime was more rapid compared to sea level . 
g) Many Fd's do not occur simultaneously in universal t i m e , 
there are many Fd's w i th signif icant d i rect ional anisotropics. 
Many investigators (Fenton et a l , 1959; Lockwood and 
Razdan, 1963; Fedchenko, 1966) observed that the decreases 
occur f i rs t in d i rect ion 30° to 120° west of sun-earth l ine. 
The presence of large anisotropies during Fd's, both w i th in 
and perpandicular to the solar equatorial plane, was reported 
(Pomerantz and Duggal, 1975). 
h) The larger non-recurrent Fd's have a sharp on set w i th a rate 
of decrease, as observed by high lat i tude neutron monitors, 
exceeding 1-2% per hour. 
i) The r igidi ty dependence of Fd's is f later than for 11-year 
variat ion and is highly variable (Lockwood and Singh, 1970). 
j) In addition to Fd's in i t ia ted by solar f lares, Fd's coro ta t ing 
wi th strong 27-day recurrence tendency have also been detected. 
I t has been suggested that corotat ing Fd's observed at low 
energies ( / - ^ 10 Mev) can manifest themselves as the 
enhanced diurnal wave trains at high energies > 1 Gev 
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(McCracken et a l , 1966; Bukata et a l , 1968; Rao et a l , 1972). 
The investigations (Gold and Peacock, 1973) have revealed 
that in contrast to Fd's al l pre-decreases appear at a constant 
local t ime corresponding to mean direct ion of IMF and have 
strong lat i tude dependence, being more pronounced at the 
equatorial region than the polar region. A high corre lat ion 
between pre-increase and Fd's amplitude has been invest igated 
(Kusmicheva et a l , 1972) and a shock is suggested as a common 
mechanism responsible for both these phenomena. The most 
signif icant feature of Fd's is the east-west asymmetry. I t 
has been observed that a f lare in the eastern or cent ra l 
part of the solar disk exhibited a much higher probabi l i ty 
to cause a Fd near earth compared to the same class f lares 
occuring in the western part of the disk. 
3.3.2 Mechanisms And Models 
Various configurations of solar transients are given in 
f i gu ro3 .2 , (Rurlnga, 1983) and physical phenomena r(>sponsible lo r 
producing the decreases have been suggested. Broadly, the 
interplanetary magnetic f ie ld (IMF) configurations that can produce 
such cosmic ray variations arc -
i) Small-scale f luctuations in the direct ion and/or magnitude of 
the IMF, 
i i ) extended structures of intense-ordered magnetic f ields and, 
i i i ) the blast or shock waves and tangential discontinuit ies. 
Plasma Cloud 
Lindeman 
1919 
Sun Chapman 
Ferraro 
1929 
• Beam 8 
Frozen-in 
Fields 
Magnetized Plosmo Clouds 
Alfve'n 
1954 
Turbulent 
Cloud Morrison 
1956 
Tongue Cocconi et al 
1958 
Bottle-, 
Bubble < ) 
Shock Wave 
Shock 
Piddington 
1958 
E N.Parker 
1961 
F i g . 3.2 Var ious Poss ib le c o n f i g u r a t i o n s of the 
i n t e r p l a n e t a r y s t r u c t u r e Cons ide red to be r espons ib l e for 
m o d u l a t i n g Cosmic r a y s . (After Bur laga , 1983) 
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The physical mechanism that may be responsible for these 
decreases are the convection, diffusion, adiabatic energy losses 
a n d / o r swooping up of particles by the rrioving semi-pornioable 
membrane. We shall discuss here mostly the results that have 
appeared since 195'f; excellent reviews of earlier studies are given in 
Sandstrom (1965), Lockwood (1971), and Rao (1972). Though 
several ideas have been explored in the past, the immediate cause of 
Forbush decreases has yet to be clearly established and the basic 
physical process of importance remains to be identified. It has 
generally been agreed that Fd's are produced by magnetic field 
variations associated with interplanetary disturbances, arising by 
the magnetic barrier propagating out from the active regions of the 
Sun. However, there is a considerable disagreement about the 
configuration of these disturbances. Various models, about the 
configuration of disturbances, have been suggested by various 
investigators. 
Alfven (195^) and Dorman (1957) at tr ibuted the Fd's to the 
energy losses produced by the electr ic field associated with solar 
plasma beam with frozen-in magnetic field. Morrison (1956) 
proposed that the plasma clouds having turbulent magnetic field, 
emit ted from the Sun, are responsible for Fd's. Those clouds arc 
assumed free from cosmic ray particles when leaving the vicinity of 
the Sun. When it moves outwards, cosmic ray particles diffuse into 
the c loud sufficiently slowly so as to allow the clouds to pass 
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the orbi t of the earth before equi l ibr ium has been established. 
Consequently, when the earth enters in such a cloud, a decrease 
in intensity fol lows. Lenrherk et al (1961) have suggested that the 
Fd's are produced due to net loss of energy of cosmic ray 
part ic les in scattering and re f lec t ion by magnetic inhomogenit ies 
of expanding turbulent plasma clouds. However, the space probes 
and satel l i tes have not recorded any turbulent f i e ld , but have 
revealed the existence of plasma clouds wi th ordered frozen - in 
f ie lds. 
The two important and successful models are of Gold 
(1960) and Parker (1963). Gold introduced the concept of 
'magnetic bot t le ' inside which the cosmic ray intensity reduces 
due to ref lect ion of part ic les on entering the beam. As the 
rr:agnetic bott le expands and engulfs the ear th, the Fd sets in . 
Parker at t r ibuted the Fd's to the reduction of cosmic ray intensi ty 
occuring behind the magnetic shock f ron t (Blast wave) produced by a 
sudden outward explosion in the solar corona after a solar f l a re . 
The ef fec t of blast wave on cosmic rays has been calculated (Parker, 
1963; Quenby, 1967). The result has been found in agreement 
wi th many of the experimental observations. Barouch and Burlaga 
(1975) reported that Fd's generally occur as a result of the passage 
of a region of high magnetic f ie ld intensity, cal led magnetic 
blobs or simply blobs. Most of such regions are produced in 
the interplanetary medium by the steeping of streams. However, 
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the presence of a stream is not a necessary condition, nor it is 
necessary that the streams or blobs be long lived. As the blob 
moves outward, it 'sweeps away' the cosmic ray particles ahead 
of it . It scoms possible in some cases, particles arc deflected 
out of the cliptic plane, therefore, the enhancement before a Fd 
is observed occasionally. Many images of particle deflection 
from the ecliptic plane can bo formed. One of these is tlie gradient 
drift. The scale length of the cross-section of a blob is 
L » 0.25 A.U, to 0.5 A.U., particles with rigidity upto 100 GV 
can be deflected. The magnetic field intensity increases from 
^5 to ^ 20 to 30 y in blobs, this leads to g radoemt of the 
order of \.0QT /A.U. Such a gradient causes the particles to drift 
with velocity 
Vj^  = [(c/e) VVt/B^] it X (VB) ] (3 -6 ) 
For interplanetary field both B and w^B are situated in the 
ecliptic plane, therefore, Vp^  is perpandicular to the ecliptic 
plane. As the blob advances radially outward from the Sun, it 
engulfs cosmic rays. Since the drift velocity is much larger 
than the rate at which the blob advances. It is effectively 
removed from the region swept out by the blob and is deposited 
somewhere near the top or bottom of the blob depending on 
the sign of B and V B. Thus a depression in cosmic ray intensity 
is observed by an observer in the ecliptic plane. 
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There are two implications in this model. First the 
expected enhancement in cosmic ray flux above or below the 
blob could not generally be seen with the space craft , unless 
the blob just grazes the ecliptic plane, in which case one would 
not see the enhancement in B. Secondly, the mechanism leads to 
N-S, gradient normal to the ecliptic plane. If there is some 
scattering in the blob, this might lead to N-S asymmetries in the 
cosmic ray flux. 
Agrawal et al (1974) studied in detail a series of 
cosmic ray events, which included two relativistic solar part ic le 
enhancements and three major Fd's observed by ground based 
cosmic ray monitors beginning on August 'f, 1972. They presented^a 
unified model to explain these changes in terms of a t ransient 
modulating region associated with the passage of a shock front. 
Individual cosmic ray decreases originating with solar flares 
studied by lucci and Collaborators (lucci et al 1979a, 198^^) led 
them to conclude that type IV solar flares are the origin of 
interplanetary perturbations associated with Fd's. The model 
presented by Bland (1976) explains that the Fd's are caused by the 
transverse flow of particles, which are undergoing essentially 
a two-dimensional diffusion. Thonias and Gall (198^;) have found 
that the intensity of cosmic rays falls abruptly as the shock 
wave passes the earth and recovers as the compression region 
moves into the outer heliosphere. The have argued tha t the most 
no 
important mechanism responsible for the intensity decrease is the 
extra adiabatic cooling of particles trapped behind the shock. 
Nishida (1982) performed numerical calculations of Forbush 
decreases based only on enhanced scat ter ing and increased solar 
wind speed behind a propagating shock wave. Subsequently 
Nishida (1983) solved the Fokker-Planck equation. His computed 
profiles bear a striking resemblance to observed ones, including the 
features of energy-dependent pre-cursor, decrease and recovery. 
Recently kadokura and Nishida (1986a) incorporating the ef fect 
of drifts, have found differences in maximum density depressions 
and the energy spectrum of the density depressions during the 
two different polarity states of the heliosphere i.e., in pre and 
post-1980 epochs. A perturbation approach has been adopted by 
Chih and Lee (1986) in the study of Forbush decreases in the 
heliosphere, their predicted profiles of Fd's exhibit precursers, sharp 
decreases and gradual, approxifnatoly energy independent 
recoveries. 
3.* SOLAR MODULATION OF GALACTIC COSMIC RAYS IN THE 
HELIOSPHERE 
It is generally accepted that the Cosmic radiation is 
isotropic and of galactic nature with the Sun emitting cosmic ray 
particles occasionally. The Sun and interplanetary medium, 
however, exert a profound influence on the cosmic radiation 
causing, them to undergo deviation from isotropy and change of 
I l l 
energy spectrum as well as of intensity. 3ust as seismic waves 
have been used to study the interior structure of the earth and 
Whistlers to study the ionized portion of the earth ' s outer 
atmosphere, intensive study of cosmic ray variations have been used 
as an effective probe for investigating the interplanetary 
metereological conditions. The cosmic ray intensity variations over 
different time scales, the modulation of the intensity by the evolving 
solar activity and the role of the electromagnetic s ta te of the 
interplanetary medium. (Otherwise called heliosphere) can now 
be investigated as never before; these studies contribute immensely 
to our knowledge of the solar neighbourhood. From the observed 
variations of cosmic ray secondaries using ground based 
equipment and with an adequate knowledge of the geomagnetic 
effect (McCracken et al, 1965) and of the transition effect in 
the atmosphere (Dorman, 1957), the PCR variations have been 
extensively studied from the last forty five years. Many 
mechanisms have been proposed to explain these modulations, but as 
yet no real satisfactory theory exists to describe these modulation 
processes. The solar modulation of the galactic cosmic rays 
produce variations in the intensity of ground based monitors of the 
following two types. 
(a) Isotropic (Time dependent) variations, 
b) Anisotropic (Spatial) variations. 
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The Sun with its continuously blowing solar wind and 
carrying with it frozen-in nnagnetic fields can essentially affect the 
GCR particles and produces isotropic variations and the presence of 
non-uniform and changing small scale irregularities in the IMF 
produces anisotropic variations. The current theory for the cosmic 
ray behaviour in the heliosphere was developed almost 30 years 
ago (e.g., Parker 1963, 1965; Morrison, 1956; Gleeson and Axford, 
1967) and has undergone numerous refinements since then (e.g., 
Gleeson and Axford, 1968; 3okipii and Parker, 1970; Fulks, 1975; 
Garcia Munoz et al, 1985). Recent reviews of the modulation 
theory and observations have been given by Jones (1983) and 
Quenby (198'f). There are four physical processes \vhich are 
believed to be important for modulation; diffusion, effects 
associated with large scale mag. field, convection and energy change. 
Let us consider each of them briefly. 
I. Dit f i inon: Thr< tnnf . tu- l i f f if lr l in I h r nciL-ir wiiul <on Iniiv. s i i in l l 
scale i r r e g u l a r i t ies-There are Alfven waves, perhaps some 
magnetosonic waves and other fluctuations. In some cases 
these irregularities have scale sizes comparable to the gyroradii 
of the cosmic rays, with the result the cosmic rays are sca t te red . 
It is also possible for particles to bo scat tered or to propagate 
by other means, in a random fashion, in a direction normal to the 
mean magnetic field (Jokipii and Parker, 1969). We normally 
describe the effects of this scattering as a diffusion process. In 
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other words, the cosmic ray d i f fe ren t ia l streaming S. (number 
of part icles crossing uni t area in unit t ime per unit energy) is 
proport ional to the gradient of the cosmic ray d i f fe ren t ia l 
number density U, or 
S = i<". V U ( 3 - 7 ) 
where K is a tensor and proport ional i ty fac tor K is the di f fus ion 
tensor. 
2. Effects due to large scale magnetic field: Since the part icif-s 
move along the magnetic f ie ld easier than they do cross, the 
or ientat ion of the f ie ld is important in modulation studies. 
The solar wind blows radial ly outwards f rom the Sun in a l l 
directions and carries the solar magnetic f ie ld wi th i t as a 
passive partner. The f ie ld remains, however, attached to the 
ro tat ing Sun, with the result that the f ie ld executes an 
Archimede's spiral pat tern . The spiral is t ightest in the equator ia l 
plane of the Sun where the rotat ion ef fects are most impor tan t . 
However, as we increase in lat i tude the spiral becomes less 
t ight ly wound and in fac t , the f ie ld becomes radial over the solar 
poles. Radial motion is of course a combination of motion along 
and across the magnetic f ie ld and i t can be shown that (Parker, 
1967) 
K.^ = K C o s ^ Y + ' ^ j . Sin^ij; ( 3 - 8 ) 
n«f 
where K y ^ is the radial dif fusion coef f ic ient and KV is the angle 
between the mean magnetic f ie ld direct ion and radial d i rec t ion , 
e K.. J is the paral lel dif fusion coef f ic ient and ^xj *s t h 
perpandicular diffusion coef f ic ient . The f igure 3.3 shows a 
schematic drawing of the pat tern of the mean magnetic f ie ld in 
the heliosphere. The major e f fec t associated wi th the large 
scale f ie ld , is gradient and Curvature D r i f t . Thus part ic les may 
undergo systematic dr i f ts in this f ie ld . This process has been 
treated in detai l , in recent years, by 3.R. Jokipi i and E.H. 
Levy. Current interest in the cosmic ray modulation is focused on 
the importance of par t ic le D r i f t due to gradient and Curvature 
ef fects of the IMF. With the later recognit ion of the importance 
of o f f -ec l ip t ic ef fects and the disappearance of sector s t ructure 
(Smith et a l . , 1978), the contr ibut ion of the D r i f t te rm came to 
be recognized. In a series of papers by Joklpi i and Co-workers 
(Jokipii et a l , 1977; Jokipi i and Levy, 1977; Jokipi i and Kopr iva, 
1979; Isenberg and Jok ip i i , 1978, 1979; Joklpi i and Davi la, 1981; 
Joklpi i and Thomas, 1981; Kota and Jok ip i i , 1982, 1983 and 
Potgieter and Moraal, 1985) and stressed that they play a 
dominant part in cosmic ray modulation (Kota and Jok ip i i , 1983). 
However, Lee and Fisk have dissented and questioned the 
correctness of the d r i f t formulat ion, for large scale magnetic 
turbulance observed in the solar wind. 
3. Convection: The speeds of the waves which scatter the 
part ic les and cause them to dif fuse are very much less than the 
F i g . 3.3 A schematic Drawing of the pat tern of the mean 
magnetic f ie ld in the hel iosphere. 
115 
solar wind speed. The waves are thus convected outward wi th 
solar wind and in turn to convert the cosmic rays out of 
heiiosphere. In deed, i t is this e f fec t which gives rise to 
modulat ion. Neither of the previous two ef fects dif fusion or d r i f t 
would by themselves use a reduction in galactic cosmic ray intensity 
in the inner heiiosphere. 
It. Energy change: The magnetic f ie ld i r regular i t ies which scatter the 
part ic les are being convoctod outward wi th the solar wind and are 
thus moving. The par t ic les, then, are in teract ing w i th moving 
irregular i t ies and they suffer energy changes in t l ie process. In 
deed, we do not observe at earth part icles which had low energies 
in the interstel lar medium (ISM). These part ic les are excluded f r o m 
us by the modulation process (e.g., Goldstein et a l , 1970; Gleeson 
and U r r h , 1971). 
Thus the current state of Modulation work is that we 
understand the basic physical mechanisms that govern the cosmic ray 
behaviour in the heiiosphere, what is missing, however, are the 
details of what is happening exact ly, what are the relevant 
parameters; how do they vary in t ime; or equivalent ly, what actual ly 
is causing the solar cycle var iat ion in the cosmic ray f lux . We hope 
to make major progress in a few years by making use of the data 
obtained f rom ' Internat ional Solar Polar Mission' which determines in 
deta i l the actual conditions at high heliographic lat i tudes. 
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CHAPTER -IV 
RELATIONSHIP OF LONG TERM VARIATION OF COSMIC RAY 
INTENSITY WITH SOLAR ACTIVITIES DURING 
DIFFERENT SOLAR CYCLES 
*.0 INTRODUCTION 
It is generally assumed that galactic cosmic ray intensity 
outside the heliosphere is essentially constant, so that the observed 
variations in cosmic ray intensity are due to interplanetary magnetic 
field (IMF) and the supersonic solar wind which carr ies the 
magnetic field. This continuous outward flow of solar wind 
shocks's and frozen-in magnetic field produce variations in 
cosmic ray Intensity of different periodicities - 22-year, l l - y e a r , 
27-day, 2^ hours and 12 hours. Thus variability is a basic property 
of galactic cosmic rays which are observed in the heliosphere. 
Observations of these variations of cosmic ray intensity have 
been studied using neutron monitors at sea level and at 
mountain altitudes (Dor man, 1963). The systematic study of 
the time variations of relativisitic cosmic rays star ted almost 
50 years ago. With the arrival of space age in 1957, the t ime 
variation of cosmic ray intensity by ground based detectors was 
transformed into an investigation of t ime and spatial variations of 
cosmic ray intensity revealing the dynamic and complex region of 
interplanetary medium, newly, christened heliosphere. The 
analogy of the heliosphere to the terrest ia l magnetosphere is 
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easily recognized. Temporal changes are observed on a l l t ime scales 
that have been studied and at al l distances that have been 
explored Burlaga (1983). The global cosmic ray network of 
Superneutron monitors have contr ibuted s igni f icant ly since the 
mid-1960's, to our understanding of interplanetary medium. The 
cosmic rays, on the otherhand, provide ind i rect , in tegral measurements 
of the global conf igurat ion, since they sample a large volume of 
heliosphere in a re lat ive ly short t ime before being detected. The 
aim of the modulation study at present is to ident i fy the deta i led 
physical mechanisms tha t cause the var iat ion in the cosmic ray 
f lux over the solar cycle or over longer in tervals . I t is pointed 
out that althougli t l io basic mechanisms which describe the 
cosmic ray behaviour are understood, the actual cause of the 
var iat ion in the cosmic ray f lux is beyond current comprehension. 
The cosmic ray variat ions recorded by the earth based detectors 
actual ly refer to the secondary cosmic rays which are produced 
by the PCR wi th the air nuclei (mainly C, N and O) in the ear th 's 
atmosphere. Before enter ing into earth's atmosphere, cosmic rays 
pass through the earth 's geomagnetic f ie ld and hence the ground 
based data is f i rs t corrected for the geomagnetic and atmospheric 
ef fects to get the var iat ional character ist ics of the cosmic rays 
in the interplanetary space. Modulation studies play two impor tan t 
roles in cosmic ray physics. 
1. Discovery and in terpretat ion of the ways a complex but 
common type of astrophysicai plasma, the solar wind, a f fec ts cosmic 
rays. 
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2. Determining the rules for 'demodulat ing' cosmic ray 
measurements made in the inner solar system to the local in terste l lar 
values. The solar wind expands and f lows continuously f r om the 
Sun into interplanetary medium, the magnetic f ie ld associated 
w i th i t varies both in t ime and space according to solar 
conditions and produce correlated variations in the cosmic ray 
f lux on al l scales. On the scale of years, two prominent var iat ions 
in cosmic ray intensity are those related to r^ 11-year per iod 
of solar act iv i ty revealed by sunspot number and the ^ ^ 22-year 
period of the solar magnetic polar i ty cycle (Forman, 1987). Now 
the cosmic ray modulation is an exper imental f ac t , but we do not 
yet understand exactly how and where this modulat ion occurs? 
Much progress has been made experimental ly and theoret ica l ly 
to understand the cause and mechanism of the modulation in the 
heiiosphere (Moraal, 1976). We are now in a posit ion which 
enables us to discuss the long te rm modulation of the cosmic 
rays in the heiiosphere. The long term cosmic ray intensi ty 
variations (22-years/. l l -years) have been studied both theoret ica l ly 
and experimentally along w i th Forbush decreases (Fd's) and 
other solar control led parameters that e f fec t the in terp lanetary 
medium. To study the behaviour/nature of the long t e r m 
variations of CRI during d i f fe rent solar ac t i v i t y cycles is of 
pr ime importance and to observe the s igni f icant changes f r o m one 
cycle to another, which might be related in some way or the 
other to the conditions in the interplanetary space. Reviews of 
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the early results have been wr i t ten by Sandstorm (1965), Dorman 
(1963), Webber (1962), Lockwood (197!) and Rao (1972). 
Forbush (195'f) demonstrated for the f i r s t t ime that sunspot 
cycle and the cosmic ray intensity var iat ion were ant i -cor re la ted 
perhaps wi th a t ime lag by the cosmic rays of about 9-12 months. 
Parker (1965) provided the f i rs t a t tempt at a theore t i ca l 
explanation for this modulat ion. Since then a number of workers 
studied this ant icorrelat ion but none of them are able to explain 
a l l the observed features (for detai l refer to the review by 
Badruddin and Venkatesan, 1989). Nagashima and Morishita (1980) 
used sunspot number to study the long term var iat ion in cosmic ray 
intensi ty. While Bowe and Hatton (1982) and Hatton (1980) 
used solar f lare number as representatives of solar ac t i v i t y . 
Lockwood and Webber (198'f) were able to reproduce long 
te rm modulation by considering number of large (> 3%) Forbush 
decreases observed during solar ac t i v i t y cycles. Akasofu et a l 
(1985) have made a detai led study of long term var iat ion by 
considering a number of parameters representing the solar 
ac t iv i ty index. Since the cosmic ray modulation is produced by the 
solar magnetic / iolds wii ich arc carr ied out, into in terp lanetary 
space, by the solar wind and hence the nature of the long te rm 
modulation is expected to depen upon the polar i ty of the solar 
pololdal magnetic f ie lds, also in addit ion to the sunspot and 
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other solar activities. It has been observed that the modulation 
characteris t ics are quite different from one sunspot cycle to 
another. 
The present chapter deals with the study of 22-year and 
11-year variations of cosmic ray intensity based on the data of the 
Deep River neutron monitor (Deep River, Latitude A = 'f6.10°N, 
Cut-off Rigidity R = 1.02 GV, Geomagnetic lat i tude = 57.63° N). 
The data has been analysed from 1963-1987 which includes the solar 
activity cycle 20 and 21. Various relationships between 22-year 
and 11-year variations and different solar parameters have been 
analysed during this period. 
*.l AVERAGE TIME PROFILE OF LONG TERM VARIATIONS 
To study the 11-year and 22-year variations of cosmic ray 
intensity, we have plotted the annual average values of the 
pressure corrected neutron monitor data from 1963-1987 which 
includes solar sunspot cycle 20 and 21 figure '^.l The purpose of 
this plot is to identify the differences in the nature of cosmic 
ray intensity variations from one solar cycle to another (i.e., 
cycle 20 and 21), paritcularly in the average t ime profile and to 
point out similarities in the time profile of cosmic ray intensity 
and the magnitude of the variations recorded. The average behaviour 
of the cosmic ray intensity was also studied, using the data of 
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Deep River neutron monitor in two different solar cycles (20 and 
21), on the quiet and disturbed days, figure * . 5 
It is clear from the figure'^•6 that the 11-year 
modulation of cosmic rays is in anticorrelation with the 11-year 
solar sunspot activity cycle, Forbush (195<f). It was observed 
that minimum (or maximum) of cosmic ray intensity occurs after 
every ^"^ 11-year, but the t ime profile of the variations of cosmic 
ray intensity is significantly different from one solar cycle to 
another as shown in figure '^•l Such results were observed 
during different type of days, figure it.5 In figure 4 M ' we have 
plotted the yearly average of the pressure corrected data of 
Deep River neutron monitor from 1963-1987. The counting has 
been arbitrarily normalized to 100 for the year 1965, at the t ime of 
maximum cosmic ray intensity associated with the year 1965, 
the year of solar activiy minimum. The importance of two 
prominent variations i.e., r^ 11-year modulation cycle and the 
22-year modulation cycle is illustrated by several new fea tures , 
which are discussed below. 
First, there are sharply peaked maxima of cosmic ray 
intensity in 1987 (cycle 21) similar to that observed 22-years 
earlier in 1965 (cycle 19) in contrast to the f lat ter maxima 
noted during (1972-1977) cycle 20 and earlier in (1952-195*) 
cycle 18, figure it.2 after 22 years, as reported by Webber, and 
Lockwood, 1988; Cooper and Simpson, 1979. 
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I t is also observed that neutron monitor intensi ty is 
1.87% higher at the t ime of 1987 and 1965 maxima as compared 
to f la t maxima of (1972-1977) per iod, thus the systemat ic 
differences in the overal l shape of successive 11-year modulat ion 
cycles and simi lar i t ies in the overal l shape of a l ternate l l - y e a r 
cycles are noted. These observations Indicate that there is a 
22-year modulation cycle in cosmic ray intensi ty, which is re la ted 
to the 22-year solar magnetic cycle due to polar i ty reversal . 
Thus the prof i le of cosmic ray intensity var iat ion is s ign i f icant ly 
d i f ferent in even and odd cycles. The data plot ted in f igure it,\, 
also reveals that the cosmic ray intensity recovers very slowly 
(in 6 '~ '7 years) during the odd solar cycle (cycle 21). While the 
recovery takes place very fast (in about 2 years) for the even 
solar cycle 20. The slow recovery during odd cycle 19 and fas t 
recovery during even cycle 20, is fur ther emphasized in f igure /^,2 
Figure f . l also reveals that the magnitude of cosmic 
ray modulation is large during odd solar cycle 21 , than the 
even solar cycle 20, Tabie-1. The magnitude of the C.R. 
modulation is calculated by the formul la given as: 
Magnitude of C.R. modulat ion {%) I - I . 
max mm. ^ JQQ 
I + I . 
max min 
where I = the maximum cosmic ray intensi ty, 
m a x •' •' 
I . = the min imum cosmic ray intensi ty. 
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Such an odd-even solar cycle asymmetry related to the solar field 
reversal and the difference In the solar magnetic field configuration 
known as closed heliomagnetosphere and open heliomagnetosphere, 
figure *-3 (Ahluwalia, 1979). The long recovery t ime during odd 
solar cycle, when the magnetic field configuration is a closed 
heliomagnetosphere indicate that the long recovery is by diffusion, 
where as fast recovery during even solar cycles (cycle 20), when the 
configuration is open heliomagnetosphere (or open heliosphere) 
indicate the direct access to cosmic rays in the interstellar space 
figure'f.S b -This even-odd solar cycle asymmetry indicate tha t the 
concept of spherical symmetry is not valid (Nagashima and 
Morishita, 1980b). The results discussed here are summarized in the 
Tabie-2. 
it.2 FREQUENCY OF FOR BUSH DECREASES AND LONG TERM 
VARIATION 
We have plotted the number of Forbush decreases (F'd's) 
during years (1963-1988) for which neutron monitor intensity of 
Deep River is plot ted. The number of Forbush decreases are 
indicated by vertical scale . These include only those Fd's which show 
the asymmetrical pa t te rn (Lockwood, 1971). The number of Fd's 
in each year is noted by the visual inspection of the ground 
based neutron monitor data of Deep River. From figure tf.it , it 
follows that there is a large difference in the magnitude of the 
decrease phase in (1965-1969) and (1977-1982), although the slopes 
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of the curves are similar. Furthermore, the cosmic ray intensity 
at the minimum (1982) is much lower than in 1969. The results 
of the two cycles are summarized in Table-2. It follows from 
figure tt.k, tha t there is a relationship between frequency of 
Forbush decreases and the ''^^ I I-year variation of cosmic ray 
intensity. it is seen that the onset of the solar modulation cycle 
1966 and 1978 s tar ted with a series of large Fd's figure 
It,If. (Lockwood, 1960, Lockwood and Webber, 198'f). This 
suggests that the superposition of large Fd's might produce the 
long term variation of cosmic ray intensity (or r^ 11-year 
variation) (Lockwood and Webber, 198^*, lucci et al, 1975). To verify 
this suggestion/model, Sharma and Yadav (1991) have shown tha t 
accumulative effect of Fd's is not the only cause for producing 
the long term variation in cosmic ray intensity as suggested 
earlier in several papers, but in addition to this some other 
phenomena/mechanism is operating in the inner/outer heliosphcro 
may be responsible for solar modulation of cosmic ray intensi ty. 
Akasofu et al (1985) have made a detailed study of long term 
variation by considering a number of parameters representing the 
solar activity index. 
*.3 CORRELATION BETWEEN THE COSMIC RAY INTENSITY AND 
SUNSPOT ACTIVITY 
Solar activity indices (Sunspots, Coronal green line, solar 
flux, solar flares etc.) , interplanetary parameters (Solar wind speed 
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and IMF) and geomagnetir disturbance paran^ietors (A and K etc.) 
are considered to represent, d i rect ly or ind i rect ly , the condit ions 
prevail ing in the interplanetary medium. As discussed in the 
introduct ion of this chapter and i t is also clear f rom the f igure it.6 
that cosmic ray intensi ty is modulated by the changes in the 
sunspot ac t iv i ty as represented by its 11-year solar cyc le 
variations and by the change in solar polar magnetic f i e ld 
conf igurat ion as represented by i ts 22-year solar cyc le . 
Many peculiar features have been noted f rom our p lots. 
I t is quite apparent that the changes in the magnitude of R_ 
leads cosmic ray intensi ty var iat ions. In addit ion to th is , the 
broad maxima (or f l a t maxima) of cosmic ray intensi ty f r o m 
1972-1977 is obvious, because during this period the sunspot min ima 
is not that broad. But , in general , the overal l pat tern suggests the 
contro l of solar cycle on cosmic ray intensity w i th perturbat ions of 
smaller durations. This relationship has also been studied on 
quiet, disturbed and Fd days and i t is found that the general 
nature remains similar as discussed above on a l l types of days, 
f igure it.k .The corre la t ion between R_ and neutron moni tor 
intensit ies are used to determine the t ime lag between them and 
thus to obtain a rough est imate of the boundary of solar modulat ion 
of cosmic ray intensi ty. Though the corre lat ion is poor between 
intensity and R-, but i t indicates that average t ime lag is of the 
order of 1-2 years. Thus our results as wel l as other published 
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results (McKibbor, 1981) indicate tluit the solar modulation 
hounflfiry is rertninly beyond "JO A. ' ' and probably exteiuls npio 
/-'Mid A,II, 
itA LONG TERM VARIATION OF COSMIC RAY INTENSITY AND 
GEOMAGNETIC INDICES 
The long terms variations of the geomagnetic field 
disturbances are available throueh measurements of A and K 
s P P 
indices. A indices have been used quite often for long term 
P ^ ^ 
correlation analysis with cosmic ray intensity variations, 
Geomagnetic disturbances are caused by the solar output and its 
variations, which travels through the interplanetary medium. It 
is, therefore, natural and meaningful to see the correlations of 
these indices (A and K ) with sunspot number, solar flux and cosmic 
P P 
ray intensity on long term average basis. However, the relationship 
of A is not straightforward with R_, solar flux and cosmic ray 
intensity as it clear from figure, it,it 
t.5 HYSTERESIS CURVES AND 22-YEAR VARIATION IN COSMIC 
RAY INTENSITY 
It has been observed that the 11-year modulation of the 
cosmic ray intensity shows the hysteresis effect against solar 
activity. If the effect of the polarity reversal is superposed on 
the 11-year modulation, then the hysteresis curve spllits Into two 
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loops shown in f igure ' f .S b Nagashima and Morishita (1979), the 
upper loop corresponds to the paral lel state of solar polar i ty to 
the galactic magnetic f ie ld and the lower loop corresponds to 
the ant iparal lel state of the solar polar i ty to the galact ic 
magnetic f ie ld . As the reversal of the solar polar magnetic f ie ld 
occurs around every solar sunspot maxima, the t ransi t ion f rom 
upper loop to lower loop and vice-versa can be expected to occur 
al ternately after every 11-year as shown in f igure I f .8 a by dot ted 
and shaded lines. If we divide the hysteresis curve into two at the 
solar maxima, so that each curve belongs to each solar cyc le , then 
the divided curves describe respectively the wider and narrow 
loops f igure * . 9 (Nagashima and Morishita, 1979). Further they 
showed that for odd solar cycles these curves (or loops) are wider 
and for even solar cycles, the curves are narrower. 
* .6 CONCLUSIONS 
The broad conclusions of the long term var iat ion of cosmic 
ray intensity and its relat ion to the parameters related to solar and 
geomagnetic disturbance may be summarized as fo l lows: 
1. The cosmic ray intensity var iat ion shows the per iodic i ty of 
I I -years as wel l as 22-years. 
2. The shape of the t ime prof i le of cosmic ray intensity var ia t ion 
during odd solar cycles is d i f ferent than the even cycles. 
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During odd cycles sharp peak maxima of cosmic ray intensity 
are observed, while the maxim.a of C.R. intensity are broad 
during even cycles. 
3. The cosmic ray intensity recovers very slowly during odd cycles, 
while the recovery during the even cycle is fas t . 
'f. The e f fec t of the solar ac t i v i t y on cosmic ray intensi ty is a 
delayed e f fec t . I t takes a few months af ter which the e f fec t 
of sunspots as well as of solar f lares are recognisable in the 
long term var iat ion of cosmic ray intensi ty. Our results 
show that the cosmic ray intensi ty, in general, lags behind the 
sunspots as well as other solar indices by about a year. 
3. The to ta l number of Fd's are also d i f fe rent in d i f fe ren t solar 
cycles f igure t^.it 
6. The magnitude of the modulation of cosmic ray intensity is 
large during odd cycles as compared to the even cycle 20, 
Table-1. 
7. , The pattern of the hysteresis loops are d i f fe rent in odd and 
even solar cycles. Hysteresis loop is narrow during the 
even cycle 20, while the loop is wider during the odd cycle 2 1 . 
8. Neutron tTionitor intensity is / - ^ 1.87% higher at (1987 and 1965) 
maxima as compared to the 1972-1977 maxima. 
13* 
9. Systomatir dif f r r o n r r s in tho ovr rn l l shapo of sur r rss ivo 
11-year modulation cycles and simi lar i t ies in the sliape of 
the alternate 11-year modulation cycles are observed that 
indicate 22-year per iodic i ty in cosmic ray intensity variat ions 
which seems to be related to the 22-year solar magnetic 
cycle. 
10. Yearly average plot of Deep River shows that the 11-year 
modulation of cosmic rays is in ant icorre lat ion wi th the I I -year 
solar sunspot cyc le , but the origin of this 11-year modulat ion 
is not yet understood very we l l . 
*.7 DISCUSSION AND MODULATION MODELS 
1. Conventional Model (or standard Model) 
This model for the solar modulation of cosmic ray intensity 
was f i rs t suggested by Parker (1965). The model suggests that the 
cosmic ray intensity is determined by a balance between inward 
diffusion of cosmic rays through the i r regular i t ies in the 
interplanetary magnetic f ie ld (IMF) and outward convect ion of 
cosmic rays by the solar wind, adiabatic energy loss as a result 
of divergence of the solar wind veloc i ty , and curvature and 
gradient dr i f ts as a result of large scale spiral structure and radial 
dependence of the IMF. This model is quite successful 
(approximately). The drawback of this mode! is that i t cannot 
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explain the significant features observed in recent past of the 
solar modulation during different 11-year cycles, for example the 
pat tern of the hysteresis loop in even-odd solar cycles. 
2. Solar Wind Model 
This model insprit is quite close to "standard model" 
discussed above and it tries to explain that the cosmic ray 
modulation is due to the superposed effects of large propagating 
shocks and other disturbances in the solar wind (Lockwood, 1960). 
Although this idea is very old, but the interest in this model is 
again required by the observations of the space craft in the outer 
heliosphere. Nagashima and Morishita (1980), Bowe and Hatton 
(1982), Lockwood and V/ebber (198'f) all suggest t ha t the 
propagating interplanetary disturbances are necessary for the solar 
cycle modulation of cosmic ray intensity. Theoretically, Perko 
and Fisk (1983), Perko (1987) Chih and Lee (1986) have shown, 
how the propagating disturbances can reproduce most aspects of 
the observed cycle of solar modulation. 
The models discussed so far do not include the influence 
of gradient and curvature drifts in the IMF, which basic physics 
demands must be present at some level. Recently an asymmetry 
in the modulation of electrons and nucleons for opposite s ta tes 
of the solar magnetic field has been observed, which cannot bo 
explained by the models suggested above. 
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3. Drift Model 
The effects of gradient and curvature drifts on modulation 
were pointed out by 3okipii et al (1977). In very recent past 
efforts have been made by Jokipii and Coworkers, Jokipii (1986a) and 
Potgieter and his colleagues, Burger et al (1987), Potgieter et al 
(1987a, b) to understand the effects of drifts on the solar 
modulation of cosmic rays. In the Standard Model discussed above 
the cosmic ray modulation is largely believed due to control of large 
individual disturbances. The pat tern of drift (Curvature and 
gradient) in the heliosphere depends on the three dimensional 
topology of IMF, which vary from minimum (dipolar configuration) 
to solar maximum (complex configuration). Drift offers an 
at t ract ive model to explain the solar modulation. The significant 
features of the heliospheric magnetic topology which effec^ts 
the drifts and sample drift pat terns for galactic cosmic ray 
nucleons and electrons are shown in figure it.10 for the period 
(1970-1980). In this period the Sun's north pie is positive (Cp) and 
the magnetic field is directed away from the Sun's north pole. 
This configuration is represented by q . > 0 in the drift equations. 
The most controversial question in modulation theory today 
roncorns the iinportanrp of !")rifls in tnodulation process. Since 
drifts are an intrinsically 3-Dimensional process, it is appropriate 
to give them a rather central role in this discussion. In drift 
dominated models, the paths of cosmic rays in the heliosphere depend 
primarily on the global magnetic structure of the heliosphere. 
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When north pole of the Sun is magnetical ly posi t ive, as i t was f r o m 
(1970-1980), positive part icles d r i f t f rom poles towards the 
equatorial current sheet, and then d r i f t rapidly outwards along the 
current sheet. Negative part ic les, on the other hand, d r i f t 
inwards along the current sheet and d r i f t poleward in l a t i t ude . 
When the Sun's north pole is magnetical ly negative, these motions are 
reversed therefore, s igni f icant changes in cosmic ray modulat ion 
should bo (>xpoct(xl when th(> Sun's inngnotir polar i ty cliangos. 
The notation q . < 0 is used to indicate dr i f ts f rom the equator 
to pole. Near solar minimum the Wavy Current sheet is re la t ive ly 
f l a t and propagation of part icles along the current sheet by 
gradient d r i f t is re lat ively easy and d i rec t . As the solar ac t i v i t y 
increases, the ampli tude of the Waviness also increases and par t ic les 
w i l l remain confined to the current sheet (because d r i f t path 
length increases). During the increased solar ac t i v i t y , the cur ren t 
sheet is disturbed by the ef fects of propagating solar disturbances 
and separate secondary current sheet may even appear at high 
lat i tudes. As a result of this the d r i f t path of cosmic rays 
through the heliosphere becomes increasingly tortuous, so that the 
solar wind's e f fec t ive resistance to the cosmic ray propagat ion 
and hence the cosmic ray modulation also increases. The d r i f t 
model can easily explain the asymmetry in the modulat ion of 
electrons and helium nuclei and the 22-year modulation pa t te rn of 
cosmic ray intensity which is associated wi th solar magnet ic 
polar i ty reversal after every 11-year. 
Fig. * .10 (McKibben, R.B) Schematic d r i f t path for nucleons and 
electrons for the period 1970-1980. The Current Sheet shown has an 
inc l ina t ion of 10° at the Sun. 
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This model predicts that shape of cosmic ray maxima during 
d i f fe rent solar cycles is control led by the current sheet inc l inator . 
The maxima is broad during solar ac t iv i ty minima wi th q . > 0, ( c p ) 
and narrow when q . < 0 ( CD ) Kota and Jokipi i (1983). This 
predict ion is observed in our results shown in f igure 't.9 D r i f t 
model is part ial ly successful in describing a l l the features of 
cosmic ray modulation. 
1^. Cosmir Ray Modulation With 22-year Periodicity 
Recently published l i tera ture wi th in a few years have 
shown convincingly that there is a 22'-year modulation of 
cosmic rays. Our results presented here have further enhanced the 
importance of this 22-year modulation re la t ive to the 11-year 
modulation of cosmic rays. The possible association of this 22-year 
modulation wi th the solar polar i ty reversal of magnetic f ie ld was 
discussed extensively to their model the features of the modulat ion 
are related to the polar i ty of the Solar f ie ld w.r . t . galact ic 
magnetic f i e ld , when the two are paral le l , galact ic cosmic rays 
enter more easily into heliosphere along magnetic lines of fo rce as 
compared to the si tuat ion when the two f ields are ant ipara l le l . 
The polari ty of the solar f ie ld reverses sign about every U-years 
near the t ime of maximum sunspot ac t i v i t y (or minimum cosmic 
ray intensity). Production of specific features of modulat ion 
cycles during al ternate (or even-odd cycles) solar ac t i v i t y cycles 
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can be explained w i th the help of the par t ic le d r i f t and current 
sheet model proposed by Jokipi i and Coworkers, Kota and Jok ip i i , 
(1983) and references there in , Jokipi i and Thomas (1981) and 
Nagashima and Morishi ta (1980). During solar cycle (or half 
solar magnetic cycle) when the north polar f ie ld is inward, posit ive 
part icles dr i f t towards the equator along the outer boundary of 
heliosphere, before encountering and dr i f t ing inward along the 
current sheet. During this half solar magnetic cyc le , the cur rent 
sheet t i l t play an impor tant role in the ar r iva l of cosmic rays in 
the inner heliosphere and shaping the modulation peak during 
solar act iv i ty minimum related to this s i tuat ion. In the other 
half of solar magnetic cycle the current sheet t i l t is not 
impor tant in determining the cosmic ray intensi ty in the inner 
heliosphere. I t is already discussed that this d r i f t current sheet 
model correct ly explains the production of the sharply peaked maxima 
in 1965 and 1987 and the f l a t maxima seen between 1972-1977 
period (Smith and Thomas, 1986; Jokipi i and Thomas, 1987). 
At present, i t is possible to understand tiu> shape of the 
modulation cycle in terms of this model. The slow recoveries 
that occured f rom 1959-1965 (cycle 19) and again f rom 1981-1987 
(cycle 21), both happened just after the change of magnetic f i e ld 
polar i ty f rom positive to negative in 1958 and 1980. A t this 
t ime the f low of the part icles into the inner heliosphere is 
uo 
expected to be contro l led by current sheet t i l t because 
galact ic protons move down along the outer boundary of the 
heliosphere to the current sheet and then inward along the 
neutral sheet to ear th . This is also expected to be the case 
during the decreasing phase f rom (1965-1968) and again af ter 
1987. In ( 1965-1968) the decrease is relat ively smoother as compared 
to (1977-1981) where the decrease occured as several large 
Fd's or steps as discussed ear l ier . 
The above disrussion described quant i ta t ive ly liow the 
d r i f t current sheet model and the 22-year solar magnetic cyc le 
can explain some of the most signif icant features of the 22-year 
cosmic ray intensity variat ions as seen by neutron monitors. 
U l 
REFERENCES 
Ahluwalia, H.S., 1979, Proc. 16th Int. Cosmic Ray Conf., (Kyoto), 
12, 182. 
Akasofu, S.I., Olmsted, C. and Lockwood, 3.A.; 1985(a), 3. 
Geophysical Res., 90, 4'f39. 
Bowe, G.A. and Hatton, C.3. , 1982, Solar Phys., 80, 351. 
Burlaga, L.F., 1983, Proc. 18th Int. Cosmic Ray Conf. (Banglore), 
12, 21. 
Burger, R.A., Moraal, H. and Potgieter, M.S., 1987, Proc. Int. Cosmic 
Ray Col. (Moscow), 3, 295. 
Chih, P.P. and Lee, M.A., 1986, J. Geophys. Res., 91, 2903. 
Cooper, J .F. and Simpson, 3.A., 1979, Proc. Int. Cosmic Ray Conf. 
(Kyoto), 12, 176. -
Dorman, L.I., 1963, Prog. Ele. Part i , and Cosmic ray Phys, VII, Ed. 
3,G. Wilson, North Holland Pub. Co. 
Forbush, S.E., I95t, 3. Geophys. Res. 59, 525. 
Forman, M.A., 1987, Proc. 20th ICRC (Moscow), 8, 165. 
Hatton, C.3., 1980, Solar Phys., 66, 159. 
lucci e t al., 1975, Proc. U th ICRC, 3, 958. 
3okipii, 3.R., Levy, E.H., and Hubbard, W.B., 1977, Astrophys. 3 . , 
213, 861. 
3okipii, 3.R. and Thomas, B., 1981, Astrophy. 3., 2'J3, 1115. 
3okip i i , 3.R., 1986(a), "The Sun and Heliosphere in Three Dimensions" 
edited by R. Marsden, p. 375-387., D. Reldel Boston, Mass. 
Kota , 3., and 3okipi l , 3.R., 1983, Astrophys. 3., 265, 573. 
i/tz 
Lockwood, 3.A., 1960, 3. Geophys. Res. 65, 19. 
Lockwood, 3.A., 1971, Space Sc. Rev., 12, 658. 
Lockwood, a.A., and Webber, W.R., 198^^, 3. Geophy. Res. 89, 17. 
McKibben, R.B.; 1981, Proc. 17th ICRC, (Paris), 13, 163. 
Nagashima, K. and Morishl ta, I., 1979, Proc. 16th ICRC, (Kyoto), 
3, 325. 
Nagashima, K. and Morishl ta, I., 1980, Plan. Sp. S c , 28, 177. 
Perko, 3.5., 1987, 3. Geophy. Res., 92, 8501. 
Potgieter, M.S., Le Roux, 3.A. and Burger, R.A., 1987(a), Proc. 20th 
ICRC (Moscow), 3, 287. 
Potgieter, M.S., Burger, R.A. and LeRoux, 3.A., 1987(b), proc. 
20th ICRC (Moscow), 3, 295. 
Sharma, N.K. and Yadav, R.S., 1991, Int. Cosmic Ray Conf. (Dublin). 
Smith, E.3. and Thomas, B., 1986, 3. Geophy. Res., 9 1 , 2933. 
Venketesan, D. ancj Badruddin, 1990, Space Sc. Rev. 52, p. 121-19'f. 
Webber, W.R., 1967, 3. Geophys. Res., 72, 59^*9. 
